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CHAPTER |
| NTRODUCTI ON

This chapter, which provides an overview of the report,
consists of three parts: a background of the regulation of |ead
under the Safe Drinking Water Act, a summary of this analysis of
the benefits that could result froma reduction in the anount of
lead permtted in U S drinking water, and a summary of a case
study of the costs and benefits of reducing lead levels in drinking

water in the Cty of Boston.

. A Background
The Safe Drinking Water Act (SDWA), passed by the U S

Congress in 1974, requires the U S. Environnmental Protection
Agency (EPA) to protect public health by setting drinking water
standards for public water supplies.* Two levels of protection
are described in the SDWA Primary drinking water regulations,
applicable only to public water systens, control contam nation
that may have an adverse effect on human health by setting
ei ther a maxi mum contam nant |level (MCL) or a treatnent technique
requi renment. Secondary drinking water standards are non-enforce-
abl e recommendati ons concerning the aesthetic quality of drinking
water, e.g., taste or snell

The National Primary Drinking Water Regul ati ons (NPDWR)
were first pronulgated at the end of 1975. EPA revi ses those

regul ati ons by setting maxi num contam nant |evel goals (MCLGs)

Defined in the Act as water systens serving 25 or nore people
or having at |east 15 service connections.
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and rel ated MCLs. MCLGs are non-enforceabl e health-based goals,
intended to protect against known or anticipated adverse health
effects, with an adequate margin of safety. MCLS are enforceable
limts, to be set as close as feasible to the MCLG feasibility

i ncl udes cost and technol ogi cal constraints. MCLs are proposed
at the sane tine as the MCLGs

On Novenber 13, 1985, EPA proposed National Primary Drinking
Water Regul ations (NPDWR) to set MCLGs for 28 synthetic organic
chemcals, 11 inorganic chemcals, and 4 mcrobiological paraneters
in drinking water; these substances are listed in Table I-1. The
proposed MCLGs for probable human carci nogens were set at zero, and
MCLGS for other substances were based upon chronic toxicity and
ot her data.

Lead is included anong the inorganic substances proposed for
regulation in the NPDWR  The current MCL for lead is 50 mcrograns
of lead per liter of drinking water (ug/l);* the proposed MCLG is
20 ug/ 1.

The 1986 Amendnents to the Safe Drinking Water Act contain a
provi sion banning the use of materials containing lead in public
wat er supplies and in residences connected to public water supplies.

States have until June 1988 to begin enforcing this ban.

|.B. Summary of Report

This analysis estimtes sone of the benefits that could result

from reduci ng exposure to lead in conmmunity drinking water supplies.

This is equivalent to and can be stated alternatively as 0.05
mlligrans per liter (nmg/l), 0.05 mcrograns/gram (ug/g), or
50 parts per billion (ppb).



TABLE |-1.

Primary Drinking Water
Level Goal s)

Substances Included in the 1985 Proposed National
Regul ations (Maxi mum Contam nant

A. Synthetic Organic Chenicals

Acryl am de

Al achl or

Al dicarb, Aldicarb sulfoxide and
Al dicarb sul fone

Car bof uran

Chl or dane

Di br onochl or opr opane

o-, m Di chl or obenzene

cis- and trans-1,2 Dichloroethylenes
1, 2-Di chl or opr opane

2,4-D

Epi chl orohydrin

Et hyl benzene

B. Inorganic Chenicals

i A R

<

C. Mcrobiologica

S~ oo

Arsenic

Asbest 0s

Bari um

Cadmi um

Chrom um

Copper

Lead

Mercury

Nitrate and Ntrite
Sel eni um

Par anet ers

Total Coliform Bacteria
Turbidity
Gardia

Pat hogeni ¢ Viruses

Et hyl ene di broni de
Heptachl or and Heptachl or
epoxi de

Li ndane

Met hoxychl or
Monochl or obenzene

Pol ychl orinated biphenyls
Pent achl or opheno

Styrene

Tol uene

Toxaphene

2,4,5-TP

Xyl ene



These benefits are probably nmuch greater than those attributable to
just reducing the MCL for lead, but do reflect benefits attainable
w th reduced exposure to |ead through changes in the MCL coupl ed
with changes in EPA's nonitoring requirenments or other efforts to
reduce exposure to lead from drinking water.

There are two primary categories of benefits evaluated in this
paper: the public health benefits of reduced |ead exposure (Chap-
ters Il and IV) and reduced materials danmages (Chapter V) relating
to the phenonenon of lead s presence in drinking water -- as a cor-
rosi on by- product. In addition, because the calculation of health
benefits depends on the extent of human exposure, another chapter
(Chapter 11) presents the available data on the occurrence of |ead
in public water supplies, and presents estimates of the popul ation
exposed to drinking water exceeding the proposed MCLG of 20 ug/l.
In assessing the benefits of the proposed reduced | ead standard,
this analysis assunes that EPA will act to reduce lead levels in
tap water, as well as to maintain the current high quality of water
| eaving the treatnent plant. It also relies upon and is sensitive
to assunptions about drinking water use and consunption patterns.

This analysis estimates the annual benefits for one sanple
year, 1988, of lowering the anobunt of |ead permtted from 50 ug/l
to 20 ug/l. That one year was chosen because environnental |ead
levels will have stabilized following EPA's 1984 phasedown of | ead

in gasoline.*

Specifically, this analysis neasures effects given the condi-
tions on January 1, 1988, when EPA s proposed ban on | eaded
gasoline wll not yet have taken effect. However, even if EPA
pronul gates that ban, the estimates in this report wll not
change significantly.
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For conparability, all nonetary values are expressed in
constant 1985 dollars.* The popul ation baseline is the 219.2

mllion people served by conmunity water systens.

I.B.1. The Qccurrence of Lead in Public Drinking \Water

Lead occurs in drinking water primarily as a corrosion by-
product; its sources are the materials used in the distribution
and residential plunbing systens (of sources as diverse as the

US-EPA Air Quality Criteria Docunent for Lead, 1986; Craun and

McCabe, 1975; Kuch and Wagner, 1983; Departnent of the Environnent,
1977; etc). \Water leaving the water treatnment plant is usually
relatively |ead-free. However, pipes and sol der containing |ead
are corroded by water, and lead |levels at the user tap are often
much hi gher than those found at the treatnent plant. \Wile the
presence of l|lead service pipes is relatively restricted geographi -
cally in the United States, the use of lead solder (and flux) is
ubi qui t ous. And the conbi nation of copper pipes wth sol der
containing lead found in nost residences can result in high |ead
[ evel s** in first drawn water that has been in contact with the
pipe for a period of time -- |evels exceeding the current MCL

even with fairly non-corrosive waters (e.g., N elson, 1976). In
particular, newy-installed solder is easily dissolved, and

people living in new housing, or in older housing but with new

The 1986 Econom c Report of the President to Congress (Table
B-4).

* %

This results from gal vanic corrosion, which is the corrosion
that occurs when 2 netals, with different el ectro-chem ca
potential, are in the sanme environnent.
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pl unbi ng, are especially at risk of high levels of lead in the
drinking water (Sharrett et al., 1982a; Murrell 1985). Lead
concentrations in fully flushed water typical of distribution
system water, even under corrosive conditions and with new sol der,
are generally below 50 ug/l and usually bel ow 20 ug/I

Because |ead occurs generally as a corrosion by-product in
U S. community water supplies, levels in fully-flushed water and in
distribution water are typically |ow Exposure to | ead, however,
is fromtap water that can contain significant anmounts of | ead.
The estimate of the occurrence of lead in drinking water, therefore,
is based upon data collected and analyzed for EPA's Ofice of
Drinking Water in 1979-81. These data portray lead levels partly
flushed (30 seconds), kitchen tap sanples collected by the Culligan
wat er -softening conpany.* J. Patterson of the Illinois Institute
of Technol ogy anal yzed the data. Current evidence indicates that
these sanples are nore representative of consuned water than are
the fully-flushed sanples taken in conpliance with EPA's nonitoring
regul ati ons. The Culligan data indicate that 16 percent of
partly flushed water sanples could exceed an MCL of 20 ug/l at
the kitchen tap. The findings from this data source are consistent
with other analyses of the occurrence of lead in tap water and
with studies of lead |eaching rates in corrosive and non-corrosive
wat er s.

To this nust be added the inhabitants of housing built wthin

the past 24 nonths and that have plunbing materials containing |ead.

The use of conpany nanes and the presentation of related data
does not constitute endorsenent of their services.
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Many studies have shown that new sol der can release significant
anmounts of lead into water, even exceeding the current MCL of 50
ug/l (e.g., Sharrett et al., 1982a; AWM- DVGW Cooperative Research
Report, 1985). \While corrosive waters have the highest |ead
levels, relatively non-corrosive waters can also |each significant
amounts of lead. The highest l|ead contam nation |evels occur

with the newest solder (i.e., during the first 24 nonths follow ng
installation), but those levels decline and are generally not

el evated beyond five years (e.g., Sharrett et al., 1982a;
Lassovszky, 1984).

There were 1.7 mllion new housing starts and permts in the
United States during 1983 and 1.8 mllion in 1984.* Construction
data show that housing typically takes six nonths to a year from
permit to potential occupancy, so there are currently about 3.5

mllion new housing units (i.e., < 24 nonths). The Statistica

Abstract of the United States (1985; Table 58) indicates that

t he average household contains 2.73 individuals. Mul tiplied
together, a total of 9.6 mllion people currently live in new
housi ng.

However, not all of these people are served by comunity water
suppl i es: of the current (1985) U.S. residential population of
over 240 mllion, 219.2 mllion are served by conmunity water
systems and this analysis only addresses that population. In

addition, data from the plunbing supply industry show that about

Survey of Qurrent Business, U S. Departnent of Conmerce -
Bureau of Econom c Anal ysis, 1985; Table on New Housi ng
Constructi on.
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8 percent* of new plunbing is plastic, so 92 percent of the
popul ati on has netal pipes. Therefore, the nunber of people at
risk of high lead |evels from new solder in new housing is:

219 m |
9.6 ml|l x 240 X .92 = 8.1 mllion

To calculate the risk to inhabitants of ol der housing, subtract
the nunmber in new housing (8.8 mllion)** fromthe total served by
community water systens (219.2 mllion); that indicates that 210.4
mllion people live in older hones. Based upon the Culligan data,
16 percent of them (33.7 mllion) are at-risk of high |lead |evels
frompartly flushed water at the kitchen tap. Conmbi ning the data
fromCulligan on lead levels in older housing wth the new housing
exposure estimates indicated that 41.8 mllion people using public
wat er supplies currently may be exposed to sone water that exceeds
the proposed MCL of 20 ug/l; we round this to 42 mllion.

This may be a |low estimte

° Dbecause it does not include the potential exposure
of occupants in housing_built wi thin the past 2-5 years
I(glgg Ia(la\?gl S%r;o*b*%bl y remain at greater risk of elevated

° because we have not included those who, while |iving
in ol der housing, have recently had maj or plunbing

repairs and so are also at risk of the potentially high
|l ead | evels associated with newly installed sol der;

This is the average of clains by the Plastic Pipe Institute
presented in Muk (1984) and of the Copper Devel opnent
Associ ation presented in Anderson (1984).

219 m |
Deri ved: 9.6 ml x. 240 = 8.8 mllion people.

* %

*** | nhabitants of 2-5 year old housing are not included in this

anal ysi s because it was not possible to elimnate them from
t he base and thus avoid doubl e-counti ng.
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° because the Culligan data represent water that is
harder than average, whereas high |lead |evels are
often found wth soft waters; and

° because the data used are for partially flushed
sanpl es, while sone people (especially children)
may consunme water that is closer to first-flush
or standing sanples (which is nore likely to
contain higher concentrations of |ead).*

In addition, we have not included any data from the estinated
60 mllion people served wholly or in part by private and non-
community water supplies.

There are uncertainties, however, concerning actual patterns
of drinking water use and the extent of plastic piping in new
construction that could reduce the estimate. Early enforcenent
of the Safe Drinking Water Act ban on the use of materials
containing lead in public water supplies, enforceable in June
1988, could al so decrease exposure to |lead from drinking water.

The assunptions on the relationship between water |ead |evels

and blood lead |levels are taken fromthe draft (EPA) Water Criteria

Docunent for Lead (1985), which is based upon the reconmendati ons

in the Ailr Quality Criteria Docunent for Lead (US-EPA, 1986).

Those docunents assunme a linear relationship, at least at the
| oner blood-lead |levels typical of the United States, with dif-
ferent constants for children and adults relating first-flush water

lead |l evels to blood | ead concentrations. Those fornul ae are:

Water standing in pipes has a greater opportunity for lead to
leach into it and, therefore, is nore likely to contain higher
| ead | evels. Many of the factors affecting lead levels in
drinking water are discussed in Chapters Il and V of this
report.



-10

(for children)t PbB* = 0.16** x intake of lead from water

(for adults) PbB* = 0.06** x intake of lead from water.

Al ternative assunptions (e.g., those reasonably derived fromthe
results of Richards and More, 1982 and 1984) could inply that
exposure -- and consequently benefits -- may be underesti mated,
possi bly by several factors.

The estimates of the health benefits associated with this pro-
posed rule rely upon data on the distribution of blood |ead |evels
in children and adults collected as part of the Second (U S.)
National Health and Nutrition Exam nation Survey (NHANES I1), a
10, 000 person representative sanple of the U S non-institutional-
ized population, aged 6 nonths to 74 years. That data base is
available fromthe (U S ) National Center for Health Statistics
and anal yses of |ead-related data fromit have been published
before (e.g., Annest et al., 1982 and 1983; Mhaffey et al.

1982 ; Pirkle and Annest, 1984).

This analysis uses both point estimates and ranges of bl ood
| ead | evels associated with specific health outcones. O her EPA
anal yses (e.g., US-EPA/ 1986a) use ranges exclusively. Bot h

approaches are supported by the avail able data.

|.B. 2. Benefits of Reducing Children’s Exposure to Lead

El evated bl ood-lead |evels have |ong been associated with

neur ot oxi col ogi cal effects and many other pathol ogi cal phenonena:

*

PbB = bl ood | ead | evel

** These constants have a unit of mcrograns-of-|ead/deciliter-of-
bl ood per m crogramof-1|ead-in-water/day, or ug/dl per ug/day.

t This fornmula was derived from Ryu, 1983. An alternative estimate
fromthe data in that paper suggests a coefficient of about O.4.
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an article on lead s neurotoxicity was published as early as 1839,
on anema in the early 1930s, on kidney damage in 1862, and on

i mpai red reproductive function in 1860. As noted in the Ar
Quality Criteria Docunent for Lead (US-EPA, 1986), from an his-

torical perspective, |ead exposure |evels considered acceptable
for either occupationally-exposed persons or the general popul a-
tion have been revised downward steadily as nore sophisticated

bi o- medi cal techni ques have shown formerly-unrecogni zed biol ogica
effects, and as concern has increased regarding the medical and
soci al significance of such effects. In the nost recent downward
revi sion of maxi mum safe levels for children, the Centers for

Di sease Control (CDC) lowered its definition of lead toxicity to
25 mcrograns of |ead per deciliter of blood (ug/dl, the standard
nmeasure of blood lead level) and 35 ug/dl of free erythrocyte

protoporphyrin (FEP). As evaluated in the Criteria Docunent

(1986), the present literature shows biological effects as |ow
as 10 ug/dl (for hene biosynthesis) or 15 ug/dl (for certain
renal system effects and neurol ogical alterations); indeed, a
threshold has not yet been found for sone effects (e.g., elevated
level s of a potential neurotoxin* or stature effects, Angle et
al ., 1982; Schwartz et al., 1986).

There is no convincing evidence that |ead has any benefici al
bi ol ogi cal effect in humans (Expert Conmittee on Trace Metal

Essentiality, 1983; and included in the Criteria Docunent, 1986).

El evated bl ood-1ead |evels have been linked to a w de range

of health effects, with particular concern focusing on young

*

ALA, or am nolevulinic acid.
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chil dren. These effects range fromrelatively subtle changes

i n biochem cal neasurenents at 10 ug/dl and below, to severe
retardation and even death at very high levels (80-100 ug/dl).

Lead can interfere with blood-formng processes, vitamn D

nmet abol i sm ki dney function, neurol ogical processes and repro-
ductive functions in both males and fenales. In addition, the
negative inpact of l|ead on cognitive performance (as neasured by
IQ tests, performance in school, and other mnmeans) is generally
accepted at noderate-to-high blood-lead |evels (30 to 40 ug/dl

and above), and several studies also provide evidence for possible
attentional and 1Q deficits, for instance, at levels as |ow as

10- 15 ug/|. Changes in el ectroencephal ogram readi ngs, as anot her
exanpl e, have al so been observed at these |ow | evels. For many
subtle effects, the data may represent the limts of detectability
of biochem cal or other changes, and not necessarily actual
threshol ds for effects.

For children's health effects, two categories of benefits
were estimated nonetarily: 1) the avoidance of costs for nedica
care for children exceeding the lead toxicity |evel set by the
Centers for Disease Control (i.e., 25 ug/dl, when conbined with
FEP levels of > 35 ug/dl) and 2) the averting of costs due to
| ead-i nduced cognitive effects. Two alternative nethods for
valuing the potential cognitive damage resulting from exposure to
| ead were developed. The first of these two alternatives involves
assessing the costs of conpensatory education to address sone of

the mani festations of the cognitive danage caused by lead as a
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proxy neasure for the damage itself. The second relates to one
specific indication of that cognitive danage -- potential 1Q
point loss, and includes a calculation of decreased expected
future earnings as a function of |1Q point decrenent. These esti -
mat es neither include many major categories of pathophysiol ogica
effects (e.g., renal damage), nor do either the medical costs

or the conpensatory education costs consider any |asting danage
not reversed by nedical treatnment or conpensatory education. These
estimates also attribute few benefits to reducing lead levels in
chil dren whose blood |lead |evels would be below 25 ug/dl even in
t he absence of this proposed rule.

The estimate of reductions in medical care expenses rely upon
publ i shed recomrendations (Pionelli et al., 1984) for followup
testing and treatnent for children with blood |ead |evels above 25
ug/dl. The costs of such nedical services and treatnment were
estimated at about $950 per child over 25 ug/dl (1985 dollars).
This average reflects both |ower costs for nost of these children
and much higher costs for the smaller subset requiring chelation
t her apy.

The estimates for conpensatory education assunmed three years
of part-tine conpensatory education (de |la Burde and Choate, 1972
and 1975) for 20 percent of the children above 25 ug/dl, averaging
about $2,800 (1985 dollars) per child above that blood |ead |evel
based upon data fromthe U S. Departnment of Education (Kakalik
et al., 1981).

There is extensive literature exam ning the relationships

between 1Q educational |evels attained, denographic variables and
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earnings (ICF, 1984). The results of that literature were used to
estimate the effect of 1Q point |osses that can occur as a part of
the cognitive danage caused by |ead exposure upon expected future

earnings: one 1Q point can directly and indirectly affect earnings
by 0.9 percent. The studies of cognitive damage presented in

the Air Quality Criteria Docunent for Lead (U S. EPA 1986) show

evi dence that blood |ead |evels of 15-30 ug/dl can be associ ated
with 1Q losses of 1-2 points, blood |ead Ievels of 30-50 ug/d
can be associated with 1Q |osses of 4 points, and over 50 ug/dl of
bl ood lead can correlate with | osses of 5 points. Data fromthe
Census Bureau on expected future lifetinme earnings, deferred for 20
years* at a 5 percent real discount rate and then annualized, yield
estimated benefits of avoi ded damage from reduced exposure to |ead.
This alternative nmethod for valuing sonme of |ead s cognitive danage
i ndi cated that society could save $1,040 per child brought bel ow 15
ug/dl; $2,600 per child brought below 30 ug/dl; and $2,850 per
child brought bel ow 50 ug/dl by reducing lead in drinking water
(1985 dol lars).

In sum this analysis indicates that the proposed rule could
produce benefits of $27.6 mllion annually in avoi ded nedica
expenses; $81.2 million per year in reduced conpensatory education

costs; and $268.1 nmillion per year in increased |ifetine earnings,

These costs are deferred because those suffering the effects are
children and will not enter the work force for up to 20 years.
Qoviously, using the largest deferral period (20 years) reduces
the value of the benefit and reduces the benefit estinmate,
whereas 8- or 10-year-old children may begin working within 8
years and so would have a nuch shorter deferral period. Thi s

bi ases the estimtes downward slightly.
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based upon sanple year 1988; these estimates are in 1985 doll ars.
Note that conpensatory education and affected earnings are alter-
native methods for valuing aspects of the cognitive damage caused
by |ead.*

In addition, benefits potentially derived by decreasing the
i ncidence of two other categories of health effects (lead s adverse
effect upon children’s growmh and fetal effects) were not estimated
in dollar ternms. Assuming that pregnant wonen are distributed
proportionately throughout the country, data from the Census Bureau**
on birth rates and denographic distributions indicate that 24 per-
cent of the total population is wonen of child-bearing age (15-44)
and that the birth rate is 67.4 births per 1,000 wonen aged 15-44.
Theref ore,

41.8 mllion x 24% x 67.4 per thousand = 680, 000.

It is estimated that this proposed rule could prevent 680,000
fetuses from being exposed to elevated | ead |evels. The fetal
effects are particularly inportant, because several recent studies
have shown that |ead exposure within the normal range (6-20 ug/l)
can be associated with various negative pregnancy outcones (such as
early nenbrane rupture and even mscarriages, e.g., Moore 1982;
Wbberly et al., 1977), and with low birth weight, inhibited post-
natal growh and devel opnent (e.g., Bornschein, 1986; Bellinger,
1985 and 1986; Dietrich et al., 1986). In addition, this proposed

rule could prevent 82,000 children fromrisk of growth effects.

This also biases the results downward because there is a strong
rationale for considering these effects as additive.

* %

Statistical Abstracts (1986), Tables 27 and 82.
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|.B.3. Blood-Pressure-Related Benefits and O her Adult
Health Effects

Lead has | ong been associated with el evated bl ood pressure, but
until recently nost of the studies have focused only on hyperten-
sion and relatively high lead levels typically found only in those
occupationally exposed to |ead. Several recent studies, however,
(e.g., Pirkle et al., 1985, Harlan et al., 1985; Pocock, 1984 and
1985), have found a continuous relationship between blood |ead and
bl ood pressure. These studies provide evidence for a small (com
pared to other risk factors) but robust relationship after control-
ling for nunerous other factors known to be associated with bl ood
pressure. Experinmental animal studies in several species of rats
and pigeons also provide evidence of a relationship between
noderate blood-lead |evels and increases in blood pressure.

To calculate these benefits, |ogistic regression equations
were used to predict how reducing exposure to lead in drinking
water woul d affect the nunber of hypertensives in the U S. popu-
| ation. These estimates cover only nmales aged 40 to 59, because
the effect of |ead on bl ood pressure appears to be stronger for nen
and because the correlation between bl ood pressure and age is nuch
smaller in this age range, reducing the potential for confounding
due to the correlation between blood | ead and age. The estinates
rely upon 1) site-adjusted coefficients from anal yses of the NHANES
Il data relating blood lead levels to increases in blood pressure*

and 2) coefficients relating blood pressure increases to nore serious

* The specific coefficients and the basis for their derivation are
described in the Addendum to the Criteria Docunent, 1986, which
is included in volume 1 of that publication.
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cardi ovascul ar di sease outcones, based on data from the Fram ngham
Study (McCGee et al., 1976) and Pooling Project (1976), as confirned
by Levy et al., 1984.

Levy has denonstrated that the risk coefficients fromthe
Fram ngham Heart Study, when coupled with the observed reductions
in blood pressure, snoking, and cholesterol in the U'S. population
during the 1970s, correctly predicts the observed reductions in
cardi ovascul ar nortality in the overall population during that
decade. The Pooling Project showed that the Fram ngham coefficients
adequat el y predicted cardi ovascul ar outcones (such as strokes and
heart attacks) in the other five large prospective heart studies
perforned in the U S Therefore, while caution is clearly warranted
in view of the limted data on the effect of |owering blood |ead
| evel s on bl ood pressure, use of the regression coefficients from
t he Fram ngham Study provide a reasonable basis by which to predict
potential changes in cardi ovascul ar outcones associated with blood
pressure changes due to decreased | ead exposure.

Based upon this information, reducing exposure to |lead from
drinking water in 1988 could reduce the nunber of male hypertensives
(aged 40 to 59) by 130, 000. Using estimates of the costs of nedica
care, medication, and |ost wages, such a reduction in hypertension
i ncidence would yield a value of $250 per year per case avoided (1985
dol l ars).

These estinmates of how bl ood pressure reductions woul d affect
the incidence of various cardiovascul ar di seases were based on
proj ections of changes in blood pressure as a result of the proposed

rule and estinmates of the rel ationshi ps between bl ood pressure and
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heart attacks, strokes, and deaths from all causes. As noted
earlier, the latter estimtes were derived from several |arge
epi dem ol ogi cal studies, primarily the Fram ngham study. However
because those studies included very few nonwhites, the estinmates
were further restricted to white nmales, aged 40 to 59. Thus, the
benefits estimates do not include m ddl e-aged, nonwhite nales.

The basis of nost of the nedical costs are the cost-of-illness
estimates presented in Hartunian et al., 1981, which were adjusted
in three ways to reflect current conditions. First, we inflated

themto 1985 dollars using data fromthe 1986 Econonic Report of

the President to Congress. Second, we adjusted the costs to reflect

changes and inprovenments in nedical treatnent, including the trip-
ling in the incidence rate of coronary bypass operations that
occurred between 1975 and 1982. Third, Hartunian used a 6 percent
real discount rate to present-value future expenditures, while
this analysis uses a 10 percent real discount rate.

The value of reductions in heart attacks and strokes was based
on the cost of nedical care and |ost wages for nonfatal cases.
Expected fatalities from heart attacks and strokes were included
in the estimate of deaths fromall causes. That procedure yielded
benefits of $65,000 per heart attack avoided and $48,000 per stroke
avoi ded (1985 dollars) for the 240 heart attacks and 80 strokes
estimated to |ikely be avoided in 1988 because of this proposed
rul e. It is inportant to note that these estimtes do not account
for any reductions in the quality of life for the victins of heart
attacks and strokes (e.g., the partial paralysis that afflicts

many stroke victins).
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Val uing reductions in the risk of death is difficult and con-
troversial, with a wde range of estinmates in the literature.
EPA s policy guidelines (U S. EPA, 1984c), for exanple, suggest a
range of $400,000 to $7 mllion per statistical life saved. Usi ng
$1 million per case, the benefits of reduced nortality dom nate our
estimates of total blood-pressure-related benefits; these tota
$240 million in 1988 for the 240 deaths estimated as likely to
be avoided in that year. Altogether, the nonetized benefits of
reduci ng adult male exposure to lead in drinking water are
estimated to total $291.9 million per year (in 1985 dollars),
using 1988 as a sanple year.

In addition, because |ead crosses the placental barrier and is
a fetotoxin, pregnant wonen exposed to lead are at risk of conpli-
cations in their pregnancies and damage to the fetus. ( Fetal
effects are discussed above, under children's health effects.)
Wiile we have not nonetized any of these reproductive effects, as
not ed above, 680,000 pregnant wonen per year probably receive
wat er that exceeds the proposed standard of 20 ug/l, and would
benefit from the proposed rule. Lead-i nduced effects on nale
reproductive functions have al so been discussed in the scientific

literature but are not included in this report.

I.B. 4. Benefits of Reduced Materials Damage

A third category of nonetized benefits relates to the phenom
enon of lead s presence in drinking water: it is a product of the
corrosive action of water upon the materials of the distribution

and residential plunbing. For the nost part, therefore, treatnent
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processes used to reduce high levels of lead in drinking water are
the sane as treatnent processes used to reduce the corrosion poten-
tial of the water. Reduci ng corrosion damage w |l produce substan-
tial benefits to water utilities, their rate-paying custoners, and
bui | di ng owners.

Publ i shed estimates of the costs of corrosion damage range
from $12 to $46 per person per year (1985 dollars), and are sum
marized in Table I-2. Estimates of the costs that can be avoided
by corrosion control neasures range from 20-50 percent of total
damage. The point estimte of avoidable corrosion costs (i.e., the
benefits of corrosion control) is $8.50 per capita annually (1985
dol l ars). For conparison, estinmates of average corrosion treatnent
costs range from under $1 per person per year (based upon the
experience in 18 cities currently treating their highly corrosive
waters) to about $5 per person per year (based upon the highest
treatment costs presented in the ODW cost report).* As a point
estimate, we assuned per capita annual treatnment costs of $3.80
(1985 dollars).

Estimates of the extent of corrosive water also vary. A
commonly accepted profile is that developed by the U S. GCeol ogica
Survey in the early 1960s, which identified the Northeast,

Sout heast, and Northwest sections of the country as having the

softest and nost corrosive waters (Durfor and Becker, 1964a and

The range, however, is quite wide and highly sensitive to system
size. These represent average costs. In some very snal
systens (i.e., serving 25-100 people), costs nmay be many tines

hi gher .
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TABLE [-2 . Estimates of Annual Per Capita Corrosion Damage (1985 dol | ars)
Corrosion
Estimted Annual Corrosion Damage Danmage Annual  Per
(per capita) Avoi dabl e
Through Capita Benefits
Studi es Distribution [ Residential Tot al Wt er of Corrosion Assunpt i ons/ Not es
syst ens Tr eat nent Contro

Kennedy Engi neers Assumed 30% potential reduction

(1973) $5. 57 — $16. 71* 30% $5. 01* in corrosion damage and that dis-
tribution costs were one-third of
total costs.

Hudson & G lcreas They did not 1nclude increased

(1976) $8. 68* — $26. 04* 50% $13. 02* operating costs. Per capita
estimate assunes 200 mllion
peopl e are served by public water
systens. Assunmed that distri-
bution costs were one-third of
total costs.

Kennedy Engi neers They cal cul ated $6.17 per capita

(1978) — $30. 87* $46. 30* 20% $9. 26 in savings to residence owners.
Assunmed residential costs were
two-thirds of total costs.

Bennett et al. Assumed that 200 mllion people

(1979) $9. 40 — $28. 20* 20% $5. 64* are served by public water systens

(cited in Ryder, and that distribution costs were

1980 ) one-third of total costs.

Energy & Environ- This Is an admtted underestimte

nental Anal ysis $3.98 $7.97 $11. 95 38% $4. 54 it includes only damage to pipes

(1979) (not damage to water heaters,
i ncreased operating costs, etc.)

Ryder (1980) $1.17 $22.19 $23. 36 25% $5. 84 Ryder ascribed 95% of corrosion
danage to private owners.

Kirmeyer & Logsdon $23. 60* $35. 40* 40% $14. 16* Assumed residential costs were

(1983) two-thirds of total damage

AVERAGE $8. 21
WQUT EEA $8.82

* These estimtes have been

calcul ated by the authors of this paper. Assunptions are noted above
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1964b) . The conbi ned popul ati ons of those states are 67.7 mllion
peopl e (1980 census). Assumi ng that these areas are served
proportionately by community water systens,* 61.8 mllion people
woul d benefit from actions to reduce the corrosivity of their water
That figure, nmultiplied by $8.50 per person, yields annual benefits
from reduced corrosivity of $525.3 million (1985 dollars).

|.B.5. Sumary of Annual Benefits of Reduced Lead in
Dr i nki ng Wat er

This analysis of the benefits of reducing exposure to |ead
in drinking water indicates that the nonetized annual benefits
could range from $926.0 to $1,112.9 mllion (1985 dollars) for
sanpl e year 1988. In addition, there are nunerous health benefits
of reduced exposure to lead that are not nonetized. The annua
noneti zed benefits are summarized in Table 1-3, and the non-
noneti zed benefits are presented in Table I|-4.

Based upon the |atest cost estimates used by the Ofice of
Drinking Water** the projected benefits exceed the costs by about
4:1. Expressed differently, lowering the MCL to 20 ug/l could
produce annual net benefits of about $800 million in 1988.

It should be enphasized that considerable uncertainty is
associated with these estimated benefits, uncertainties derived
both fromthe current state of know edge concerning lead health

effects and the valuation of avoiding such effects. O her

*

O the total population of about 240 million, 219.2 mllion
peopl e are served by comunity water systens.

** These cal cul ations use prelimnary EPA Ofice of Drinking
Wat er cost estimates. Costs and net benefits will be
di scussed nore extensively in other docunents associ ated
with this proposed rul emaking.
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TABLE |1-3. Summary of Estimted Annual Monetized Benefits of Reducing Exposure
to Lead from50 ug/l to 20 ug/l (1985 dollars) for Sanple Year 1988

Estimated popul ati on exposed to drinking 42 mllion*
wat er exceedi ng preposed MCL

Children's health benefits

-reduced nedical costs $27.6 mllion

-reduced costs of cognitive damage

Method 1 - conpensatory education $81.2 nillion
Method 2 - decreased future earnings $268.1 mllion
TOTAL: Met hod 1 $108.8 mllion
Met hod 2 $295.7 mllion
Adul't health benefits (males only)
-reduced hypertension savings $32.5 mllion
(mal es, aged 40-59)
-savings from fewer heart attacks $15.6 nillion
(white males, aged 40-59)
-savings from fewer strokes $3.8 nmillion
(white males, aged 40-59)
-savings from fewer deaths $240.0 mllion
(white males, aged 40-59)
TOTAL: $291.9 mllion
Materials benefits
-benefits of reduced corrosion damage $525.3 nmillion
TOTAL ANNUAL MONETI ZED BENEFI TS
-Method 1 - using conpensatory education $926.0 nillion
-Method 2 - using decreased future earnings $1,112.9 mllion
ESTI MATED ANNUAL COSTS $230.0 mllion
NET ANNUAL MONETI ZED BENEFI TS about $800 mllion

*Total popul ation served by community water systems: 219 nillion
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TABLE |-4. Summary of Estimated Annual Non-nonetized Benefits of Reducing
Exposure to Lead from 50 ug/l to 20 ug/l for Sanple Year 1988

Reductions in Nunbers
of People at Risk

Estimated popul ation exposed to drinking 42 mllion*
wat er exceedi ng proposed MCL
ChiTdren”s health benefits

-children requiring nedical treatnent 29, 000
-loss of 1-2 1Q points 230, 000

4 1Q points 11,000

51Q points 100
-children requiring conpensatory education 29, 000
-children at risk of stature decrenent 82,000
-fetuses at risk 680, 000
-increased risk of hematol ogical effects 82, 400

Adult health benefits

-cases of hypertension 130, 000
(mal es, aged 40-59)

-heart attacks 240
(white males, aged 40-59)

-strokes 80
(white males, aged 40-59)

- deat hs 240
(white males, aged 40-59)

-(reduced risk to pregnant wonmen 680, 000)
(wonen, aged 15-44)

(same as fetuses

* Total popul ation served by community water systems: 219 million
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anal ogous efforts to estinmate benefits associated w th reducing
lead in drinking water may be useful in helping to judge how

reasonabl e these present benefit estinmates are.

|.C Bost on Case Study

In the spring of 1986, Jonathan Jacobson analyzed the incre-
mental costs and benefits to the Gty of Boston of reducing the
lead MCL from 50 ug/l to 10 ug/l (Jacobson, 1986).* That analysis,
carried out as a nasters thesis project at Harvard University,
focused on Boston as a city with high potential for increased |ead
exposure via drinking water.

Boston’s water is highly corrosive: it is relatively acidic
(pH = 6.7) and soft (14 ng/l as CaCQO;), and has low alkalinity
(Karal ekas et al., 1975). Boston al so has a |arge percentage of
| ead pipes in service. During the 1970s, several studies found
high lead levels in Boston's drinking water (e.g., Karal ekas et
al ., 1975; and several internal studies conducted by the
Massachusetts Water Resources Authority and the [Boston]
Metropolitan District Conmm ssion).

To reduce the high lead |evels, Boston began corrosion
control treatnent. Monitoring performed by EPA's Region | from
1975 to 1981 indicated that |ead, iron and copper |evels dropped
significantly (Karalekas et al., 1982). However, while |ead
concentrations generally decreased to below the current MCL of
50 ug/l, additional treatnent will be necessary to conply wth

a |lowered MCL.

* He assuned a |owered MCL of 10 ug/l because that is the
feasibility Iimt for current treatnent and technol ogy.
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Jacobson anal yzed the increnental annual costs and benefits
of additional efforts by Boston to control further the corrosivity

of its water, using sanple years 1988 and 1992, and estimating al

costs in 1985 dollars. H s anal ysis assunmed the foll ow ng:

-}

conpliance will be nmeasured by a standing “grab” sanple,
that is, a sanple taken imedi ately after turning on
the faucet at any random tine during the day after an
unknown period of standing;
° it will be inpossible for every tap to neet the | owered
MCL, even using state-of-the-art treatnent, and so
sanpl es shoul d be averaged; and
° that, while the effectiveness of specific treatnent
procedures varies in not-yet-well-understood ways when
actually used in the field, corrosion control is ulti-
mately feasible with current state-of-the-art nethods.
Jacobson, using data from EPA Region | and the Massachusetts
Wat er Resources Authority, calculated the benefits of additiona
2-stage treatnment for Boston’s water: further raising the pH (to
reduce the acidity of the water) and installing several punping
stations to nmamintain a consistent concentration of sodium hydroxide
t hr oughout the system
Jacobson used the sanme categories of nonetized health benefits*
as those described in this EPA analysis, except that he did
not include the estimates of cognitive damage associated with
decreased future earnings. Hi s estimates of materials benefits
rely only upon the Kennedy Engineers (1978) study and information

in the Anerican Water Wrks Association Corrosion Manual (AWM- DVGW
1985).

* For bl ood-pressure-related estimtes, however, he used the non-
site-adjusted coefficients fromthe NHANES ||l contained in
Pirkle et al., 1985.
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H's results, summarized in pages 36-39 of his study, indicate
i ncremental costs of $700,000 per year (using sanple year 1988) and
i ncremental annual benefits of $7.9 mllion (including estinated
health benefits of $6.9 mllion and materials benefits of
$950, 000; based upon sanple year 1988). This yields estinated
net annual benefits of $7.2 mllion and a benefit to cost ratio
of 11:1 (compared to the estimate of 4:1 in this analysis).

It is, however, unclear whether or how these results can be
extrapol ated to other U S. water systenms and cities, and

therefore, to this proposed rule.



CHAPTER 1| |
OCCURRENCE OF LEAD I N DRI NKI NG WATER

Lead can contam nate drinking water through several pathways.
It can result from naturally present lead in the source water, it
can result from contami nation of the water supply, or it can
result as a by-product of corrosive water.* In the l|last case, the
sources of the lead are the pipes, plunbing fixtures, flux and
solder of the distribution system and within private residences
or ot her buil dings. Most contam nation of drinking water with
lead results from the corrosion of materials containing |ead.

Section A of this chapter discusses the sources and factors
affecting the contamination of drinking water by lead.** Section B
of this chapter discusses the available data on the occurrence of
lead in comunity drinking water supplies. Because lead occurs in

drinking water primarily as a corrosion by-product, contam nation

Corrosion is the deterioration of a substance or its proper-
ties due to a reaction with its environnent. I'n this paper,
the “substance” that deteriorates is the pipe -- whether nade
of netal, asbestos-cenent, cenent, or plastic -- and the flux
and solder joining the pipes, and the “environnment” is water
That is, we are concerned with internal corrosion. (Pi pes and
other water treatnent equipnment can also corrode externally.)

** Chapter V also contains a discussion of the relationship
bet ween corrosive water and lead in drinking water, but from
t he perspective of potential corrective action
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| evel s are higher in tap water in hones* than in the water |eaving
the water treatnent plant or flow ng through the water nains.
Section C contains EPA's estinmates of exposure to lead in the
drinking water provided by community water systens in the
United States.

The exposure estimate presented in this chapter serves as
the basis for calculating the benefits froma potential reduction
in exposure due to a |lowering of the Maxi mum Contam nant Level
(MCL) for lead fromthe current 50 micrograns of |ead per liter

of water (ug/l) to 20 ug/l.**

[1.A Sources of Lead in Drinking Water

The principal source of lead in anbient surface water is

ant hropogenic lead particulate from the atnosphere, which cone
nostly from the conbustion of |eaded gasoline (e.g., Laxen and
Harrison, 1977; Trefry et al., 1985) and, to a |lesser extent, the
snelting of ores and the conbustion of fossil fuels. Evidence

i ndicates that much of the lead in surface waters will end up in

sedi nentary deposits (Laxen and Harrison, 1977), and nost of the

Lead contam nation of drinking water as a result of corrosion

al so occurs in comercial buildings, schools, etc. There is
less information on the factors that determne lead levels in

t hese buil dings, however, than on the use patterns and materials
in private hones. Therefore, this analysis exam nes only
exposure to lead in residential circunstances. Additiona
research is needed in other areas of exposure including the
work place (factories, office buildings, etc.) and in schools.

This is equivalent to and can be expressed as 0.020 mlligrams
per liter (ng/l), 0.020 mcrograns per gram (ug/g), or 20 parts
per billion (ppb).
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lead dissolved in rain will precipitate and be filtered out by
the soil. Lead from runoff or fallout will also precipitate and
be retained within the soil or sedinments.

The source of nost lead in ground water is geochemical; that

is, the mnerals contained in the rocks and soil through which the
ground water fl ows. Concentrations of lead in ground water in the
United States are typically under 10 ug/l (Lovering, 1976) and,
generally, lead volubility is very low in ground water

The principal source of lead in drinking water is neither

naturally occurring lead in ground water nor anthropogenic lead in
surface water, however. It is the materials of the water supply
and distribution systenms and the plunbing in hones and other

bui | di ngs. (See sources as diverse as Craun and MCabe, 1975;

[U S.] National Acadeny of Sciences, 1977; EPA's Lead Technol ogi es
and Costs Docunent, 1984; Kuch and Wagner, 1983; AWM-DVGW Cooper a-
tive Research Report, 1985; EPA's Lead Cccurrence Docunent, 1985;
EPA's Air Quality Criteria Docunent for Lead, 1986; etc.). The

hi ghest concentrations of |ead are found where pipes or solder
containing lead are used in conbination with corrosive waters,
where water has been sitting for many hours, or where there is
new y-installed piping or repaired joints using flux or solder

cont ai ni ng | ead.

[I.A 1. Variables Affecting Lead Levels in Drinking Water

The | ead used in service pipes* or as part of lead/tin solder

is relatively resistant to corrosion under sinple |aboratory

Service pipes connect the main pipes of the water distribution
systemto the plunbing contained within the hone.
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condi ti ons. In addition, it can be protected from corrosion by a
thin layer of relatively insoluble film conposed of carbonate
conmpounds of lead or calcium that forns on the surface of the
nmetal (Patterson and O Brien, 1979; Schock and Gardels, 1983
Lassovszky, 1984; etc.). \Water, however, is a corrosive substance.

In addition, the conbination of copper piping with tin/lead
sol der found in nost residences can result in galvanic corrosion,*
which can yield lead |evels nuch greater than expected fromthe
sinple corrosion of the water alone.

O her conditions typical in private homes exacerbate the
results of galvanic corrosion and can contribute to high |ead
levels in home tap water.** These include the facts that residen-
tial plunbing materials are often |ess corrosion resistant and
wel | -protected than those used in distribution systenms (AWA
Committee Report, 1984), that water often remains overnight in
househol d pi pes, and that sonme water used in private hones is

heated, greatly increasing its corrosive potential.

I1.A 1 a. Key Water Paraneters Affecting the Volubility of Lead

All water is corrosive to sone degree. However, sone quali-
ties of water nmake it nore corrosive for certain naterials. The

volubility of lead (also called plunbosol vency) is conplicated.

Gal vani c coyrosion resplts mhen‘tmo net al s, mﬁth di fferent
el ectrochem cal potential, are in the sane environment.

The maxi mum equilibrium level is determined by the specific
qualities of the water. Because waters in public drinking
systens rarely reach equilibrium levels (for purposes of
corrosion), non-equilibrium conditions are assunmed in the
analysis presented in this docunent.
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Probably the master control variable in the volubility of lead is
pH * although it is closely interrelated with carbonate.**

Waters below pH 6.8 are very plunbosolvent as can be waters wth
pH above 10.2 (e.g., Mdore, 1973; Schock, 1980; Shei ham and
Jackson, 1981; Murrell, 1985), but pH does not have a strictly
linear relationship to lead levels in water (e.g., Patterson and
O Brien, 1979; Pocock, 1980; Schock and Gardels, 1983). In
addition, at low or very high carbonate alkalinities,** lead is
sol ubl e throughout the pH range of drinking water (e.g., Departnent
of the Environnent, 1977; Pocock, 1980; Jackson and Shei ham

1980; Schock, 1980; Shei ham and Jackson, 1981; Kirneyer and
Logsdon, 1983; Schock and Gardels, 1983; G egory and Jackson

1984; AWM-DVGW Report, 1985). Soft watert is usually plunbosol -
vent, but several studies have shown that very hard water can

al so be plunbosolvent (e.g., Departnment of the Environnent, 1977

The factors of water that inhibit or enhance corrosion are
di scussed in Chapter V, including neasures of those para-
nmeters. In short, pHis a nmeasure of the concentration of
Eydrogen ions (H) in the water, which is inportant because
is one of the mmjor substances that determ nes how nuch
nmetal can be corroded el ectrochem cally.
**  The carbonate content (neasured indirectly by alkalinity
and pH, and usually given in units of equivalent calcium
carbonate , CaCO;) relates nostly to the presence of dissolved
bi carbonate and carbonate ions in the water and enables the
formation of a relatively insoluble protective coating on the
inside of the piper formng a barrier between the water and
the materials of the plunbing system

t Water with low | evels of calcium and nmagnesi um i ons, which
can help form a protective coating on the inside of the pipe.
Hardness is al so expressed as the equivalent quantity of
CaCO; (cal cium carbonate).



[1-6

Thomas et al., 1981). O her properties of the water, including
tenperature (e.g., Millen and Ritter, 1980; Britton and Richards,
1981); velocity; treatment with chlorination or chloram nation*
(Treweek et al., 1985); presence of hum c substances (Moore,
1973; Sanuels and Meranger, 1984); chloride and nitrate |evels
(Aiphant, 1982); and dissolved oxygen or other elenents, nay

al so affect plunbosol vency.

I1.A 1. b. Lead Sol der

The use of lead/tin solder, in a tin to lead ratio of 50:50
or 60:40, is ubiquitous in U S. residential plunbing at present
(e.g., Lead Industries Association, 1982; Chin and Karal ekas, 1984,
AWM- DVGW Report, 1985). Lead solder is probably the greatest
single contributor to lead contam nation of drinking water in
this country because of its w despread use and easy volubility.
Its easy volubility is caused by the gal vanic reaction between
the lead/tin solder and the copper pipes that are used nost
commonly in residential plunbing (Anderson, 1984). Many recent
studi es have shown that sol der containing |ead, when used wth
copper househol d plunbing, could easily raise |lead |evels above
50 ug/l, even when in contact with relatively non-corrosive
water or within a relatively short period of tine (e.g., Wng and
Berrang, 1976; N elsen, 1976; Departnment of the Environment,

1977; Lyon and Leni han, 1977; Lovell et al., 1978; Britton and
Ri chards, 1981; Sharrett et al., 1982a and b; diphant, 1982 and

Chem cals used in drinking water disinfection.
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1983; Sanuel s and Meranger, 1984; Birden et al., 1985; Treweek et
al., 1985). Sone of these and other investigations (e.g., Depart-
ment of the Environnent, 1977) also found that |ead sol der alone
could produce |lead contamnation |levels that were as high or

hi gher than those in wholly |ead-plunbed houses. | ndeed, under
some conditions, because of the galvanic action they can be nuch
hi gher (Qiphant, 1982 and 1983; Murrell, 1985). Data summari zed
in the AWM-DVGW Report (1985), Table 4-19 and el sewhere, show
that even w thout new solder, the galvanic reaction in relatively
non-corrosive waters (pH 7.5-8.5, alkalinity > 100 ng/l as CaCGQ)
can produce lead levels at the tap of 160-250 ug/l upon overni ght
st andi ng. Because both the solder and the copper piping nust be
exposed, however, galvanic corrosion is usually a nore serious
problem wi th new pl unbi ng.

Many studi es have shown that the age of the lead solder is
anong the nost inportant variables affecting volubility. For
exanpl e, Sharrett et al. (1982a) -- studying Seattle, a city with
few |l ead pipes -- found that the age of the house (a proxy neasure
for the age of the solder and other plunbing materials) was the
dom nant factor for predicting the concentration of lead in the
tap water. In hones that were newer than five years old, with
copper pipes, the nedian |ead concentration for standing water
was 31 ug/l versus 4.4 ug/l in older hones. In homes built
within the previous 18 nonths, the nedian lead |evel was 74 ug/l.

New solder will leach lead even in relatively non-corrosive

water -- whether naturally less corrosive or treated (e.g., N elsen
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1976; Herrera et al., 1981) -- and will continue to |each signifi-
cant anounts for up to five years (Lovell et al., 1978, Sharrett
et al., 1982a; diphant, 1982 and 1983; Murrell, 1984; Lassovszky,
1985; Neff and Schock, 1985; etc.) . Murrell (1985) found that
new sol der could |each sufficient |ead to contam nate standing
water to a degree hundreds of tinmes higher than the current ML,
this has been confirmed by data collected by the Philadel phia
water utility (1985) and el sewhere. A iphant (1983) has al so
shown that no matter how snmall the area of exposed sol der, pro-
vided the contact tinme is |ong enough, the lead levels will always
exceed 100 ug/l if the volune of the sanple is snall.

Wth new (exposed) solder, the duration of contact need not
be long to raise lead levels significantly. Britton and Richards
(1981) and Lyon and Leni han (1977) have shown that, with particu-
larly corrosive drinking water, lead levels in standing water in
systems with copper plunbing joined with | ead solder could rise
above 100 ug/l within 40 mnutes of contact. A iphant (1983) has
presented evidence that those conditions can produce |ead |evels
one to two orders-of-magnitude higher than expected from equilib-
rium volubility cal cul ati ons.

Two other factors will affect the rate of |lead |eaching from
| ead-sol dered joints: the surface area of the lead/tin solder at
the joints (which can often relate to the quality of the plunbing
and jointing work) and the nunber of joints per length of pipe
(e.g., N elsen, 1975 and 1976; Lyon and Leni han, 1977; Wl ker and
A iphant, 1982b; Aiphant, 1983; Birden et al., 1985; Lassovszky,
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1985; Murrell, 1985; Treweek et al., 1985). It has al so been
suggested that with pipes running vertically, the |lead solder can
drip down the pipe, resulting in nore exposed solder than in hori-
zontal pipes (Arthur Perler, US. EPA private conmunication).

Lead solder in brass kitchen faucets can result in particu-
larly high concentrations of |lead (Samuels and Meranger, 1984).

Only one paper that we are aware of (Thonpson and Sosni n,
1985) suggests that |ead sol der does not contribute significant
amounts of lead to water. In that article, although the neasure-
nments are presented as first-draw standing levels after a 12-hour
exposure period, the data shown are really for flushed (running)
sanples (termed ‘steady-state values’). The article was based on
a report (Battelle, 1982) that contains the actual data on |ead
| evel s. In that report, first-flush sanples averaged above
50 ug/l (Figures 22, and 23, and Table 50 of the Battelle report).
This is acknowl edged in the narrative on page 33 of the report,
but di scounted because the |ead content decreases with tinme.
Therefore, the results of the Battelle study are consistent wth
the rest of the literature.

The easy plunbosol vency of |ead sol der has been known for
many years. As a result, the Netherlands banned |ead solder in
1977, Germany banned the use of |ead sol der about the sane tine,
and several states and localities in the United States have
banned it within the past few years. The 1986 Anendnents to the
Safe Drinking Water Act prohibit the use of nmaterials containing
lead in public water systens, a prohibition that is enforceable

by the States after June 1988.
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I1.A 1. c. Lead Pipes

Several characteristics of |ead piping also influence |ead
| evel s in drinking water (Pocock, 1980; Britton and Ri chards,
1981; etc.). The length of the lead pipe, in both the hone and
the supply lines, can have a positive association with [ead |evels
Kuch and Wagner, 1983; Departnent of the Environnment, 1977; Pocock
1980; Karal ekas, 1984) as can the position of the pipe -- it
appears that, even for the sanme |ength of pipe, water conposition,
etc., lead piping contained wholly or partly within the house (as
opposed to |lead service connections outside the house) correl ates

with higher first-draw lead levels. The ratio of the surface area

of lead exposed to the water volunme contained is also inportant

(Ainsworth et al., 1977). The age of the dwelling or the pipe

(Ainsworth et al., 1977) and the percentage of lead piping in

both the service mains and within the residence are significant

in determning lead |levels, as well. New | ead pi pes appear to

| each higher levels of lead initially, with the rate decreasing

within a few days or weeks (Ainsworth et al., 1977).

I1.A 1.d. O her Potential Sources of Lead

Lyon and Leni han (1977) and others have found that the fl ux
used for soldering is an excellent electrolyte and can contribute
significant anounts of |lead to drinking water.

Sonme lead can also | each from copper pipes thenselves (Herrera
et al., 1981). Specifications for copper pipes usually limt
only copper and phosphorus, and copper used for non-drinking
wat er applications is permtted to contain sone |ead. Copper

pi pe manufacturers have indicated that copper tubing used for
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wat er can be nade from recycled copper products, thus permtting
the introduction of lead inpurities (Herrera et al., 1981).

Al t hough not conmmon, lead inpurities can also occur in galvanized
pipe (e.g., N elsen, 1975).

Lead is also used in the production of brass and bronze.
Brass is a copper-zinc alloy, which can contain up to 12 percent
| ead, and bronze is a copper-tin alloy, which can contain up to
15 percent lead (U S. EPA 1982b). Wile both are relatively
corrosion resistant and are not generally recognized as a source
of |ead, several studies docunent |ead |eaching from brass or
bronze fixtures (N elsen, 1975; Sanuels and Meranger, 1984;

Nef f 1984; Neff and Schock, 1985; Neff et al., 1987).

Lead can al so contamn nate potable water when used in pipe
jointing conpounds and through its use for goosenecks, valves,
and gaskets in water treatnment plants or distribution mains.

At |east one study (Herrera et al., 1982) found that |ead can
| each from tin-antinony solder “presunmably confing] from inpurities
in the solder.”

Early tests of plastic pipes showed that |ead contam nation
resulting from stabilizers used with polyvinyl chloride (PVC) pipes
could be high (studies summarized in National Acadeny of Sciences,
1982; volune 4, pages 64ff). However, since then, the Nationa
Sanitation Foundation has devel oped a standardi zed testing pro-
cedure for plastic pipes.

Addi tional anal yses of the |eaching of |ead from these and

ot her sources is needed (AWM-DVGW Report, 1985).
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I1.A 1. e. QG her Factors Relating to Lead Contam nation Levels

The nost inportant other variable affecting lead levels in
drinking water is the length of contact tinme between the water
and the plunbing materi al s. H gh lead levels are found in water

from faucets that are seldom used or in the first drawn sanples in

the norning after the water has sat overnight. Usual 'y, flushing
the faucet will significantly decrease the lead levels in the
water. This is true for all waters, corrosive and |ess corrosive.

Wth very corrosive waters or new solder, the length of contact
time need not be great -- as little as 40 minutes to an hour can
produce |ead |evels above 100 ug/l under certain conditions
(e.g., Lyon and Leni han, 1977; Britton and R chards, 1980; Kuch
and Wagner, 1983; diphant, 1983).

The nunber of occupants of the dwelling is inversely propor-
tional to lead levels, probably because fewer occupants means the
water will, on average, remain in the pipes |onger (Departnent
of the Environment, 1977; Pocock, 1980).

O her factors that can affect lead levels in tap water are
pi pe length and dianeter, and water velocity (Bailey and Russell
1981; Kuch and Wagner, 1983). No natter what netal the pipe is
made of, the dianmeter of the pipes is inversely proportional to
| ead contam nation |evels because of the greater proportion of
water in contact with the |ead-containing surface (solder, flux
or pipe) in pipes with smaller dianeters (Crank, 1975). The
length of the netal pipe can correlate directly with the potenti al

for high I ead concentrations although not consistently (Sharrett
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et al., 1982a; Kuch and Wagner, 1983). Lead | evel s can al so
increase with the turbulence and velocity of the water, and wth

irregular flow patterns.

I.A 1. f. Sunmary

Because lead levels in tap water are a conplicated function
of the specific qualities of the water, the particular materials
conprising the distribution and househol d plunbing, and the
length of time the water is in contact with the plunbing materials
as well as other factors, there is a high degree of wthin-house
and between-house variability in water lead levels (Sartor et
al., 1981; Bailey and Russell, 1981). Wth even mildly aggressive
(corrosive) water, however, any amount of |ead anywhere in the
di stribution system or household will contribute sone lead to the
drinking water. Overall, there are four major risk factors: the
the degree of corrosivity, the length of time in the pipe, the
total amount of lead in the plunbing materials, and the newness of
t he pl unbi ng.

In general, lead levels in first-draw water can be severa
times higher than in running water (e.g., Battelle, 1982). Wth
aggressive waters and new sol der, however, first-draw sanples can
easily be an order-of-magnitude or nore greater than running
levels (cf. data in Karalekas et al., 1975; diphant, 1983;

Maessen et al., 1985; Mirrell, 1985; etc.). Lead concentrations

in fully flushed sanples typical of distribution system water,
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even under corrosive conditions and with new solder, are generally

bel ow 50 ug/l and are usually below 20 ug/l.*

I1.A 2. Preval ence of lead Materials in Distribution Systens

Lead has been used for plunbing materials since at |east
Roman ti mes. It was considered a convenient and suitable
conveyance of water and was used extensively for water pipes
during the nineteenth and early twentieth centuries.

The danger of |ead contam nation of drinking water was not

unknown, however. In 1845, the Report of the Conmi ssioners to

Exami ne the Sources from Wich a Supply of Pure Water NMay Be

otained for the Gty of Boston concluded, “Considering the

deadly nature of |ead poison, and the fact that so many natura
waters dissolve this netal, it is certainly [in] the cause of
safety to avoid, as far as possible, the use of |ead pipe for
carrying water which is to be used for drinking.” Lead pipes
were outlawed in several Gernman states in the second half of the
ni neteenth century because of concern over health (cited in AWWA-
DVGW Report, 1985; p. 223). And a warning of potential danger
fromlead pipes was given to the New Engl and Water Wrks Associ a-
tion in 1900 (Forbes), showing that the risk was known there, as

wel | .

This pattern of |ead contam nation also holds in Canada. Data
on lead contamination in raw, treated and distributed water
from 70 municipalities across Canada show | evel s averagi ng

1 ug/l (Meranger et al., 1979). On the other hand, a study of
lead levels in waters that had sat overnight in horme plunbing
showed 20 percent of the sanples exceeding 50 ug/l, with a
nean | evel of 43 ug/l (Maessen et al., 1985).
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Despite these and other warnings, in 1924 Donal dson reported
that half of the 539 cities he surveyed in the early 1920s used
| ead or lead-lined service pipes. He found the greatest usage of
| ead service lines in New England, New York, the M dwest, Texas
Okl ahoma and Mont ana.

Because lead is a relatively durable material, nany of the
original lead lines are still in service (Patterson and O Brien
1979) .

More recently, Chin and Karal ekas (1984) surveyed 153
public water systens in 41 states, Puerto Rico and the District
of Colunbia, to ascertain the prevalence of lead materials in
di stribution systens. Their survey targeted |arge systens, with
91 of the 153 systens surveyed serving popul ati ons over 100, 000
peopl e. (Nationally, only 0.5 percent of community water systens
serve over 100,000 people.) They found that al nost three-quarters
of the systens had used |lead service lines or connections (nost
of the remaining quarter did not know if they had any |ead or
| ead-1ined services), and one city (Chicago) still installed |ead
service lines.* In addition, alnost two-thirds of the systens
had | ead goosenecks in their plunbing (another 10 percent didn't
know if they had any) and about half of the systens reported
the use of solder or flux containing lead in the distribution

system **

The installation of new |lead pipes is now prohibited in
Chi cago.

** The utilities may be referring to use in honme plunbing or
in service |ines.
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The use of lead/tin solder is ubiquitous in US. residentia
pl unbi ng at present. | ndeed, until 1986, nost |ocal plunbing and
construction codes recommended or even required the use of copper
pi pe joined by lead/tin solder. The 1986 Amendnents to the Safe
Drinking Water Act banned the future use of materials containing
lead in public water systens or in residences connected to public
systens. The ban becane effective imediately (June 19, 1986),

but States have up to two years to enforce this provision

Il.B. Data on the Cccurrence of Lead in Drinking Water

Under the provisions of the Safe Drinking Water Act, EPA
must ensure that public drinking water supplies are free of
contam nation and that they conply with primary drinking water
regulations; this authority includes setting nonitoring require-
ments to assess conpliance. Sections 1401(1) (D) and 1445(A)(1).
According to EPA regulations, nonitoring for inorganic conpounds,
i ncluding | ead, nust be conducted once per year for systens whose
source is surface water and once every three years for water
supplies using ground water. 40 CFR §141.23. MCLs are defined as
“the maxi mum permssible |evel of a contamnant in water which
is delivered to the free flowing outlet of the ultimte user of a
public water system” 40 CFR § 141.1(a). “Free flow ng” has been
general ly understood by the States and the water utilities to
mean a “fully flushed” sanple. In addition, the procedures for
| aboratories certified for reporting purposes under EPA's Laboratory
Certification Program admnistered by the Ofice of Drinking Water,

specify that the sanple be taken after running the water for two
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or three mnutes (U S. EPA, 1982c). However, because lead is a
corrosion by-product, these procedures decrease the I|ikelihood of
detecting | ead contam nation. Therefore, the data collected for
conpliance with the Safe Drinking Water Act, as adm nistered
currently by EPA, does not adequately represent exposure to |ead
in US. drinking water.

Several studies have investigated the quality of drinking
water in the United States, including lead levels (e.g., the
Nati onal Inorganic and Radionuclides Survey, the National
Organics Mnitoring Survey). But these surveys have al so not
addressed the phenonenon of nobst |ead contam nation of drinking
water -- as a corrosion by-product. These surveys have sanpl ed
lead levels in fully-flushed water typical of distribution water.
Again, this sanmpling procedure mnimzes the likelihood of detec-
ting the contam nation of tap water by | ead. Several other
studies of national water quality have been conducted over the
past two decades (e.g., the 1969 and 1978 Conmmunity WAter System
Surveys, the Rural Water Survey, the First National Health and
Nutrition Exam nation Survey), but the results from those surveys
have not been used by EPA in setting national standards. (See,
for instance, U S. EPA, 1985; or 40 CFR Part 141, page 46969.)

The estimate of occurrence, therefore, is based upon data
collected and analyzed for EPA's Ofice of Drinking Water in

1979-81. These data portray partly-flushed (30 seconds) kitchen
tap sanples collected by the Culligan Water-Softeni ng Conpany; *

*

The use of conpany nanmes and the presentation of related data
does not constitute endorsenent of their services.
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James Patterson of the Illinois Institute of Technol ogy anal yzed
t he data. EPA believes that the Culligan tap sanples are nore
representative of consunmed water than are the fully-flushed
sanpl es taken in conpliance with EPA's nonitoring regul ations.
In addition, these sanples of partly-flushed, random daytine water
are nore appropriately used with the water-|ead-to-bl ood-|ead
equati on accepted by EPA than would be data on fully flushed water
or even a value integrating average consunption patterns.
After the presentation of the Culligan data, this section
al so includes a discussion of potential biases in the data, the
consistency of the findings with field and | aboratory results,
and an alternative analysis of the potential contam nation of
drinking water by lead (to confirm the magnitude of the estinmates).
Finally, because honmes with new y-installed plunbing contain-
ing lead solder or flux have a higher risk of elevated |ead |evels
than hones with older plunbing, this section also discusses

exposure to lead likely to occur in new housing.

Il.B. 1. Patterson Study/Culligan Data on Tap \Water

In 1979-1980, EPA's Ofice of Drinking Water funded a study
by James Patterson using data on residential water quality
(Patterson, 1981). The study, “Corrosion in Water Distribution
Systens”, analyzed 772 nunicipal water sanples collected by
Culligan Water Softening dealerships in 580 cities in 47 states.
The sanples were collected from May to Novenber 1978 at the
consuners' Kkitchen taps. No sanples were collected from househol ds

usi ng hone water softeners.
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The purpose of this study was to evaluate the relationship
between different corrosion indices and water quality variables
likely to influence water corrosivity against the observed |evels
of the corrosion by-products iron, copper, |lead and zinc. The
i mpetus for EPA's conm ssioning of this analysis was probably
t he suggestion of the court in a lawsuit brought by the Environ-
nmental Defense Fund agai nst the Agency. EDF v. Costle, 578 F.2d
337, 349-50 (D.C. Cir. 1978). In addition to containing data on
the levels of these netals, the analysis contained informtion on
cal cium nmagnesium sodium pH alkalinity, chloride, conductivity,
sulfate, and silica levels in each sanple. Cal cul ati ons of
hardness and corrosivity indices (including Langelier, Ryznar,
Aggressive, Driving Force, and Larsons, as well as Dye’'s Monentary
Excess) are al so presented.

Wat er sanples were collected by Culligan Deal ership repre-
sentatives throughout the United States, after the kitchen tap
had been flushed for 30 seconds at a noderate flow rate, according
to a standardi zed sanpling procedure. Al sanples were collected
in virgin plastic polypropylene bottles with plastic screw tops.
The netal s anal yses were conducted by the Illinois Institute of
Technol ogy and the other anal yses were done by the Culligan
| aboratory in Northbrook, Illinois. Mst sanples were collected
between 10:00 a.m and 8:00 p.m

For lead determinations, lithiumnitrate was added to the
acidified sanple (although not until the sanples were transferred

to glass bottles) and the flanel ess graphite furnace atomc
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absorption procedure was enployed. The standard addition technique
was used for all lead determ nations, to avoid certain common
interference problens. Standard Methods (1971) were enployed for
the analysis of all sanples, except for the atom c absorption
procedures, where Perkin-El ner (1977) procedures were used.

Anal ytical tests were conducted to evaluate potential testing
and anal ytical biases, both upward and downward. To test for
upward bias (contam nation that would increase apparent |ead
| evel s), nitric acid was stored in the plastic sanple bottles for
two weeks to draw out any lead in the plastic bottle itself,
which could otherwi se contaminate the sanple. The liquid was
then tested for |ead presence, and there was none. Bl ank sanpl es
(i.e., bottles filled with |ead-free distilled water) were al so
used to check for upward bias. After a period of standing (two
weeks), the distilled water was tested for |ead contam nation; it
remai ned | ead-free. These efforts showed that contam nation of
the sanples fromthe plastic bottle itself was unlikely.

On the other hand, because no nitric acid was used to pre-
serve the sanples until the water sanples were transferred to
glass vials, there was a possibility that some lead fromthe
sanpl e would adsorb to the plastic bottle; this would bias the
results downward (i.e., lower the neasurable |lead |evel). Spi ked
sanples (i.e., solutions with a known anount of |ead) were used
to test for this. The results indicated that, on average, 3 ug/l
of lead adsorbed onto the plastic bottle; therefore, a slight

downward bias was present in the results.
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Calibration and other analytical controls were also enpl oyed
at several points in each batch as part of the |aboratories’
ongoi ng quality assurance and quality control efforts. (Full
docunentation is available from each |ab.)

These data indicate that 16 percent of partly flushed water
sanpl es could exceed an MCL of 20 ug/l at the kitchen tap, and
that 3 percent exceed the current MCL of 50 ug/l. Fifty-two
percent of the sanples contained 9 ug/l or less of |ead, the
maxi mum was 10,000 ug/l. The occurrence of high lead |evels was
geographically w despread. Sanples with |lead |evels greater than
20 ug/l were taken in nore than half of the states in the country,
and in every one of EPA's ten Regions. The distribution of |ead

levels in these sanples is presented in Table I1-1.

I1.B. 1. a. Consi stency with Gther Data

The literature on contam nation |levels due to |ead I|eaching
from plunbing materials shows great variations relating to the
specific conditions being observed.

The Culligan data, with 16 percent of the sanples exceeding
20 ug/l, have a lower incidence rate of high |lead concentrations
than is conmmonly portrayed in the literature on |ead | eaching
rates and the potential for |ead contamnation in tap water.
This is reasonable because that literature, in general, focuses

upon high risk (i.e., very corrosive) waters.
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TABLE 11-1. Distribution of Culligan Data (Patterson, 1981)

Measured Lead Concentrations
(ug/l)

< 10 11-19 20-49 2 50

Percent of sanples 60 24 13 3
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The Culligan sanmples, on the other hand, do not portray
particularly corrosive waters. In these sanples, the nedian pH
is 7.2 (mean, 6.8), nedian alkalinity is 106 ng/l as CaC05 (nean,
144 ng/l), and nedian hardness is 145 ng/l as CacC03 (nean, 203
ng/l). These are considered to be relatively “non-corrosive”
waters. Conparing the hardness of the water in these tap sanpl es,
for instance, with the U S. Geological Survey estimates of the
extent of soft water in the United States (Durfor and Becker,
1964a and 1964b) or the data in Mllette et al. (1980),* these
sanpl es represent water that is much harder than the average in
the country. The average Langelier Saturation Index** for the
Culligan sanples is -0.4, which is fairly stable.t It is |ogica
that |ess corrosive waters would contain a |ower incidence of

corrosion by-products than do studies of nore corrosive water.tt

Both of these studies are discussed nore extensively below in
Section B.1.C. and in Chapter V.

"* One index used to estimate a water’s potential corrosivity,
di scussed nore fully in Chapter V.

t A “stable” water is one where a film of CaC03 should be exact-
ly at equilibrium i.e., it neither dissolves nor deposits and
gr ows.

tt Wile it is hard to generalize about these studies, typica
results under corrosive conditions show from perhaps 50-100
percent of the sanples exceeding 50 ug/l (e.g., Lyon and
Leni han, 1977; Departnent of the Environment, 1977; Britton
and Richards, 1980; diphant, 1983) to 15-50 percent exceeding
50 ug/l (e.g., Karalekas et al., 1977, Karalekas et al., 1978;
Seattle Water Metals Survey, 1978; Craun and MCabe, 1975).
By conparison, the Culligan estimate (16 percent >20 ug/l) is
| ow.
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The Culligan data portray higher levels of |ead contam nation,
however, than do either. EPA's data on conpliance with the Safe
Drinking Water Act or nost of the studies that have investigated
the quality of distributed drinking water in the United States,
including lead levels. These surveys and EPA's nonitoring require-
ments have neasured lead levels in water nore typical of the
distribution system and nost of the results indicate |ow |evels
of lead contam nation.* Lead contam nation, however, occurs
primarily in tap water and in water that has been in contact
(standing) with pipes for sonme length of time. Therefore, the
sonewhat higher lead levels in the partially flushed, random
daytime tap sanples that nake up the Culligan sanples confirmthe
findings from experinental and field studies of |ead |eaching
rates and patterns.

Perhaps the clearest indication of the consistency of the
Culligan sanples with other data on |ead contam nation of drinking
water is a conparison with the prelimnary results of EPA's “Lead
Sol der Aging Study”, presented in U S. EPA (1987). The | ead
levels in the partially flushed Culligan sanples are simlar to
those in housing over two years old with median pH (i.e., 7.0-7.4)
or in waters with high pH (i.e., > 8.0). The data fromthe Lead

Sol der Study are presented in Tables I1-3 and I1-4, bel ow

For comparison, the National Inorganic and Radi onuclides
Survey, recently conducted by EPA, shows only about 1.5 per-
cent of ground-water-supplied public systens have |ead |evels
over 20 ug/l in fully flushed water
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The Culligan data serve as the basis for this analysis
because, of the available data, EPA believes that they are nore
representative of the water consunmed in this country than are the
fully-flushed sanples taken in conpliance with EPA's nonitoring
regul ati ons. People drink the water fromthe taps in their hones
after it has been sitting for unknown periods of tinme. Wi | e
sone people may run their water before using it for cooking or
dri nking, probably many people (especially children) do not.
These data portray neither an upper bound for exposure (which
woul d result from anal yses of first-flush sanples) nor a |ower
bound (which would come from an analysis of fully-flushed distri-
bution water); they nore closely portray the bulk of the water
that is consunmed (e.g., Bailey and Russell, 1981). Final ly, when
controlling for other environmental sources of |ead exposure,
studies of the relationship between blood |ead |evels and water
| ead have also found a better fit with lead levels in standing
water than with fully-flushed sanples (e.g., Wrth et al., 1981;
Bail ey and Russell, 1981; Pocock et al., 1983).*

I1.B. 1. b. Potential Biases in the Data

In determ ning whether it is reasonable to generalize froma
subset, it is inportant to determ ne any potential biases in the
data and, if found, to assess the likely effect upon the results.

Sone potential biases (for exanple, potential analytical and

*

This issue is presented nore fully in the section bel ow on
uncertainties, within the discussion of the relationship
between blood lead levels and levels of lead in drinking water.
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testing biases) as well as the consistency of the findings with
the literature on water quality and |ead | eaching rates were dis-
cussed in previous sections. QG hers, for instance, the inclusion
of new housing within the data, are discussed bel ow In this
section, we address the issues of potential selection bias,
geographic representation, and the inplications of the relative
har dness of the sanples.

Because these sanples were collected by a water treatnent
conpany, a self-selection bias is possible; i.e., it is conceiv-
able that they represent water that is ‘dirtier’ than average.
However, Culligan is not a general water treatnment conpany and
does not test for contamination by inorganic (e.g., lead) or
organic (e.g., pesticides) substances. EPA and the Illinois
Institute of Technology arranged for and conducted the anal yses
of metal contamination in these sanpl es. Honeowner s who had
general water problens or who had reason to suspect that their
wat er was contam nated would be unlikely to call Culligan for
water testing or treatnent. If they did call and outline such a
problem the Culligan representative would have either suggested
that they contact another lab in the area or informed themthat
Culligan would charge extra to arrange for such anal yses. There-
fore, it is unlikely that there would be selection bias resulting
in higher |ead contam nation |evels.

On the other hand, a different selection bias is likely and
did, in fact, occur. Not surprisingly, because the sanples were

taken by a water softening conpany, overall hardness results from
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the Culligan/ Patterson data were higher than other data on water
hardness in the country.* For conparison, only about 10 percent
of the Culligan sanples contained soft water (i.e., < 60 ng/l
as CaC03) while in the US. GCeological Survey (Durfor and Becker,
1964a and b),** about one-third of the country had soft water.
Nati onal patterns portrayed in the U S. Ceological Survey held in
this survey: the Northeast and Sout heast had the softest water,
with the Mdwest averaging alnost three tines harder water. The
Nort hwest al so had relatively soft water

The highest lead levels in this data set were in the M dwest,
whi ch al so had the hardest water. The conbination of high hardness
and high lead levels is somewhat surprising;, usually lead (as a
corrosion by-product) occurs nore frequently in softer water
Schock (1980 and 1981) and Schock and Gardels (1983) have shown,
however, that at a pH of 8-8.5, soft water (i.e., 30 ng/l as CaC03)
may be |less corrosive to both | ead and copper than can be hard
water (i.e., > 150 ng/l). These results confirm Patterson’s
findings (1981) and the consensus of the technical literature:
Many inter-related factors affect a water’s corrosivity and no
single corrosivity index adequately neasures the actual corrosion
potential of a specific water; therefore, no single index is a good

predi ctor of corrosion by-products, including |ead.

The range in hardness in the Culligan data is extreme: from2
to 975 ng/l as CaC03, with nedian 145 and nean 203. Generally,
| evel s over 240 ng/l are quite uncomon.

The USGS data is discussed nore fully in Chapter V.
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But while no single neasure of water quality is a good
predi ctor of the actual corrosion potential of a specific water,
the weight of the literature does show that softer water tends to
be nore corrosive than harder water. Therefore, this selection
bias may introduce sonme downward bias to the estinmates; i.e.
the concentrations of lead in the Culligan data may be sonewhat
low relative to the actual levels in the country as a whole.

Because the people who call Culligan can afford to pay for
those services, another potential self-selection bias is that
the popul ation represented by these data is wealthier (and possibly
nore sensitive to health and environnental issuses) and contains
a greater proportion of single-famly and owner-occupi ed housing
than is typical in the U S popul ation. It is unclear what
effect this could have on the estimates. A brief discussion of
possi ble contam nation patterns in nulti-famly housing, particu-
larly high-rise buildings, is included in the section on uncer-
tainties, below

A question arises as to whether the sanples are geographi -

cally representative of the United States. The percentage of

sanpl es collected from each state closely reflects the popul a-
tion distribution across the United States, with a few exceptions.
As a proportion of percentage-of-sanples to percentage-of-U.S. -
popul ation, the nost significant differences are the states of

Al abama, Arkansas, North Carolina and Washi ngton, where the dif-
ference varies by about an order of nagnitude. For the state of

Wom ng, the difference is a factor of 5. These states are
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relatively small and conbined, contain only about 7 percent of the
U. S. popul ation. This could be expected because the snaller the
size of the observation, the larger the relative effect. The
anticipated effect on the estinmate is |ow For an inpact upon
the final estimates, the nost significant differences are the
states of California, Colorado and Illinois, where the absolute
di fference between the percentage of sanples and percentage of
popul ation differs by nore than 5 percent of the total. Oh a
regi onal basis, however, the distribution of sanples closely
paral l el ed the popul ation distribution. The nost significant
exception here is the Mdwest; the percentage of sanples (42
percent) was nuch larger than the population (26 percent, 1980
Census). Table 11-2 presents the distribution of sanples by
state, and by region of the country.

We conducted chi-square tests* of the distributions to
determ ne how closely related they were. The results were
i nconcl usi ve, however, because whether the results were significant
depended upon how finely subset the data were, that is, how many
divisions (and, therefore, how nmany degrees of freedon) for the
data were used. The possibilities included 50 subsets (i.e., by
state, with 49 degrees of freedon), 10 (i.e., by EPA Region, with
9 degrees of freedom), 5 (i.e., using Patterson’s groupings, wth

4 degrees of freedon), or sinply for the nation as a whole.

The chi-square statistic, represented by the Greek letter x

raised to the 2nd power, is a neasure of how much, propor-
tionally, the frequencies in the observations differ fromthe
frequencies you would “expect” if there were absolutely no

rel ati onship between the variables (Mtlack, 1980).
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TABLE 11 -2. Muni ci pal Water Sanples and Popul ati on Percent ages
from Culligan/Patterson Study (Patterson, 1981)

State % Popul ati on* % Sanpl es

Nor t heast St ates

CT 1.4 0. 63
MA 2.5 2.4
VE 0.4 0
NH 0.4 0.38
NJ 3.3 5.2
NY 7.8 5.3
PA 5.3 3.9
RI 0.4 0.50
VT .2 0. 25
Tot al 22% 19%
Sout heast St ates
DE 0.3 0.25
FL 4.3 2.9
GA 2.4 1.8
MD 1.9 1.3
NC 2.6 0.25
SC 1.4 0. 63
VA 2.4 2.6
W/ 0.9 2.4
Tot al 16% 13%
M dwest States
| A 1.3 3.7
I'N 2.4 6.2
I L 5.1 12. 4
KS 1.0 1.9
M 4.1 2.0
WN 1.8 4.2
MO 2.2 2.3
ND 0.3 0.38
NE 0.7 1.3
OH 4.8 4.6
SD 0.3 0.76
W .1 2.0
Tot al 26% 42%
* U.S. Bureau of Census, 1980. In the Patterson study, 1978 Census

data were used.
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TABLE 11 -2. (Cont i nued)

State % Popul ati on* % Sanpl es

Sout hcentral States

AL 1.7 0.25
AR 1.0 0

KY 1.6 1.0

LA 1.9 1.3

MS 1.1 0.63
XK 1.3 0. 88
TN 2.0 1.8

X 6.3 5.2

Tot al 17% 11%

Western States

AZ 1.2 2.0
CA 10.5 2.3
CO 1.3 6.3
I D 0.4 0.51
MT 0.3 0. 88
NM 0.6 0. 88
NV 0.4 0.51
OR 1.2 1.3
ur 0.6 0.25
WA 1.8 0.13
WY 0.2 1.0
Tot al 19% 16%

* Bureau of Census, 1980
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To check whether the slight skew ng of nunber-of-sanples
conpared to popul ation-by-state affected the estinmates, we weighted
the results by state population and conpared that analysis wth
the results of the national analysis (which assumed that the data
are geographically representative of the nation). The results
differed by less than one-half of one percent. W concluded that
the slight variation in geographic distribution does not signifi-
cantly affect the estimates.

Il1.B.1.c. Alternative Analysis of Potential Exposure
to Lead in Drinking Water

Several bodies of literature are available for an alternative
anal ysis of potential exposure to confirm the nagnitude of the
results fromthe Culligan data. These include studies of the
extent of highly corrosive water in the United States and experi -
mental and field anal yses of |ead contam nation.

Two maj or studies have focused on assessing the extent of
highly corrosive water in the United States.* They are the U'S
Ceol ogi cal Surveys (USGS) conducted in the early 1960s (published
in Durfor and Becker, 1964a and 1964b) and the First Health and
Nutrition Examination Survey (HANES |), conducted by the Nationa
Center for Health Statistics in 1974 and 1975.** The results of

This information is presented nore fully in Chapter V,
section B.1.

The data from the M dwest Research Institute (1979) and from
Mllette et al. (1980) on the extent of corrosive water in the
country contain profiles that are quite simlar to the USGS

and the HANES |. They are not included in this discussion
however, because this analysis addresses estinmates of the

extent of specifically soft water, not water that is corrosive

for other reasons. Chapter V discusses these two studies as
wel | .
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t hese studies can be conbined with anal yses of |ead |eaching
rates and the variables affecting plunbosolvency for conparison
with the findings fromthe Culligan data.

The USGS data showed that 17 states had very soft water
(under 60 ng/l as CacCO3); using 1980 Census data, the conbined
popul ati ons of those states is 67.7 mllion people. The results
of the HANES | (as published in G eathouse and Gsborne, 1980)
show a very simlar picture: about one-third of the country has
very soft water (under 60 ng/l as CaCO3). Gven a total current
(1985) national population of a little over 240 mllion, about
80 mllion people receive very soft water.

Nuner ous studi es of plunbosol vency conducted in the United
States and in Geat Britain have shown that soft, acidic waters
are nost corrosive and have the highest |ead contam nation |evels
(e.g., Craun and McCabe, 1975; N elsen, 1976; Hoyt et al., 1979;
Patterson and O Brien, 1979; U S. EPA, 1982b; Shei ham and Jackson
1981; Worth et al., 1981). There is sone discussion as to whether
pH or carbonate content is the nmpbst inportant variable, and many
studi es show that the relationship between pH or carbonate and
lead | evels may be neither sinple or linear. In general, the
| ower either value is, the nore vulnerable the water to high |ead
contam nation. *

Both | aboratory and field experiments denonstrate this.

For instance, data from Karal ekas et al. (1977) on two cities

Because neither the relationship between pH nor carbonate and
lead is linear, this is not strictly true at all pH or carbonate
| evel s. Kuch and Wagner (1983) and Schock and Gardels (1983)
anong others have developed nmulti-dinmensional nodels of |ead

solubility.
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(Bridgeport, Connecticut, and New Bedford, Massachusetts) wth
simlar pH levels (7.1 and 7.3, respectively) but different
hardness and alkalinity (48 and 18 ng/l vs. 12 and 24 ng/l,
respectively) indicated that even with noderate pH the softer
water could contain six to eight times higher |ead contam nation

| evel s. Schock and Gardels (1983), investigating water with high
pH (> 8.6) but |ow carbonate content, present average |ead concen-
trations of 67-134 ug/l in first draw water. O her results
typical of this literature are the field data presented in the
Seattle Water Metals Survey (1978) and the |aboratory data in

Shei ham and Jackson (1981). In the former, highly corrosive

wat ers produced nean |ead |evels of alnost 30 ug/l (from | ead

sol der alone; there were no lead pipes) and in the latter, nean

| ead | evels were over 100 ug/l with a mxture of |ead and non-I|ead
pi pes (sone old, sonme new) and |ead sol der. In sum nost studies
show that first flush sanples from soft, corrosive water (i.e.
hardness under 60 ng/l as CaCO3) often result in |lead contam nation
| evel s exceeding 50 ug/l* even in housing that is not new. ( New
housing is at particular risk of high lead levels. This is

di scussed in the next section.)

Not everyone who receives very soft water, however, is at
equal risk of high |ead exposure. Some water systens with very
corrosive waters (Boston and Seattle, for instance) treat their
water to reduce its aggressiveness; their risk is lower. A snal

proportion of water utilities have lead in source water, as well

Because EPA's standard for lead is 50 ug/l, nost studies have
used that as the cut-off.
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as a corrosion by-product; their risk is higher. Sone localities
have few | ead pipes and connections (and hence, have a snaller

l'i kelihood of high |ead contam nation), while others have nany.
Sonme localities have begun already to ban the use of materials
containing lead in public water supplies and in residences
connected to them In addition, plastic pipes are beginning to

be used in sonme residential plunbing, even for bringing in potable
water,* replacing the metal pipes that are nore likely to |each

| ead. Finally, at least one city (Akron, Chio) has instituted an
active programto replace its |ead service connections.

To account for these variables and for the idiosyncrasies of
specific waters, we assuned conservatively that with very soft
waters (i.e., hardness under 60 ng/l as CaCO3), half of first-
flush sanples could exceed 20 ug/l, and that 10 percent of them
coul d exceed 50 ug/l.

Conbining information, then, on 1) the extent of very corrosive
water in the country (about one-third of the popul ation receives
very soft water) and 2) studies of potential |ead contam nation
with very soft water (alnost all have levels > 20 ug/l in first-
flush sanples and many al so had levels > 20 ug/l in random dayti nme
sanples) but 3) mtigated to include sonme factors likely to decrease
exposure* (e.g., some cities have already begun corrosion contro

treatnent) yields the follow ng cal cul ation

Plastic pipes are used nore commonly for waste water than
for intake.
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1/3 of country x 50% occurrence of Pb>20 ug/l =
17% of popul ati on exposed to water >20 ug/l

Therefore, this alternative estimate of potential exposure
to | ead contam nation of drinking water in non-new housing yields
results that are quite close to those of the Culligan data anal yzed
by Patterson (1981), where 16 percent of the sanples were greater
than 20 ug/l. The results are nost sensitive to the estimte of
|l ead I evels > 20 ug/l. (For conparison, assum ng 25% occurrence
yields a national estimate of 8% and assum ng 75% occurrence
yields a national estimate of 25% of the U S. popul ati on exposed
to water > 20 ug/l.)

There is additional anecdotal evidence that also supports
the patterns and extent of |ead contam nation presented here.
A CBS-affiliated television station in Oeveland, Oiio (Channe
8) conducted a small survey of lead levels in first-flush tap
water in early 1987. They found 13 percent of the sanples exceeded
20 ug/l, with a hone occupied for only three nonths having |ead
levels of > 100 ug/l. Second, a water utility in Colorado (Little
Thonpson Water District) conducted a limted survey of |ead
contam nation wi thin custoners’ residences. This survey was
conducted in conjunction with the Col orado Departnent of Health
and was acconplished concurrently with sanpling prograns in the
cities of Denver, Colorado Springs, and Fort Collins (Col orado).
The results from Little Thonpson showed one-third of the residences

sanpl ed exceeded 20 ug/l -- results they indicated “were conparable

*

Sone factors, for instance, many |lead pipes or |ead contam nation
of distribution water, can increase exposure estimtes, also.
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to the results of the aforenentioned cities." The highest reading
(> 400 ug/l) was in a not-yet-occupied house. Third, concern
about potential |ead contam nation of drinking water in Wshington
D.C. in late 1986 and early 1987 resulted in about 1,000 water
sanpl es being taken there. Newspaper reports (Washi ngton Post)
and nunerous press releases fromthe D.C. Departnent of Public
Health reported that between 13 and 25 percent of the water
sanpl es exceeded 20 ug/l, and that the results indicated “that as
many as 56, 000 houses may have problens with | ead contam nation,”
resulting fromthe common use of long |ead service connections in
many parts of the city. In addition, data collected by KYWTV

in Philadelphia (an NBS-affiliate) in February 1987, by EPA s
Region |1 X (San Francisco) in Spring 1987, by the Nassau County (New
York) Departnment of Health in 1987, and jointly by the New Jersey
Departnent of Environnental Protection and the U S. Ceol ogica
Survey (presented by J. L. Barringer at the Anerican Geophysica
Union Spring 1987 neeting) show w despread |ead contam nation
followi ng predictable patterns: contam nation |evels are high
with new plunbing or corrosive waters, contam nation is mninal
with non-corrosive waters and ol der pl unbing.

Finally, data available from WaterTest Corporation,* a
private water testing |aboratory in Manchester, New Hanpshire, on
over 2,500 sanples taken in January-March, 1987, show that average
first-flush sanples exceeded 20 ug/l in 15 states plus the District
of Colunmbia. This shows that the occurrence of |ead |evels

exceeding 20 ug/l is widespread in this country but it was not

*

The use of conpany nanmes and the presentation of related data
does not constitute endorsenent of their services.
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possible to determ ne the age of the housing from which the
sanpl es cane.

This alternative analysis of potential |ead contam nation of
tap water was based upon assunptions about |eaching rates in soft
water (< 60 ng/l as cacO3), but this is not the only factor that
makes water corrosive. Many ot her paraneters, including pH
alkalinity, tenperature, etc., contribute to corrosivity.

Peopl e who receive water that is only noderately soft (i.e.,
hardness between 60 and 90 ng/l as CaCO3) as well as those whose
45ter is not soft but has a low pH or has other risk factors
associ ated wth aggressiveness (e.g., high levels of chlorine,

di ssol ved oxygen, chlorides, sulfates, etc.) also run a somewhat
el evated risk of exposure to high lead levels in drinking water.
However, the data on these circunstances are too sparce to use in

estimati ng popul ations at risk of high lead |evels.

I1.B.2. Lead Contam nation in New Housi ng

As was discussed briefly in section A above, nmany studies
have shown that newl y-installed |ead solder (or pipes) can |each
hi gh anounts of lead in a short anmount of tinme. Indeed, in studies
such as Sharrett et al. (1982a), the age of the house (a proxy
nmeasure of the age of the plunbing) was the variable nost closely
related to the lead concentration in the house water. Table II-3
presents sone field data on lead levels in new housing. As can
be seen, the highest |ead contam nation |evels occur with the new
est solder (i.e., during the first 24 nonths follow ng installation
those levels decline and generally are not elevated beyond five

years (cf also, Sharrett et al., 1982a; Lassovszky, 1984; etc.).
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TABLE 11-3 Lead Contam nation Levels in Tap Water by Age of Plunbing (Field Studies)

Mean Pb % of

Age of Level Sanpl es
St udy Housi ng (ug/l) >20 ug/l  Conditions/Notes
Sharrett <18 nont hs 74 NG (Median standing levels
et al. <5 years 31 NG (No | ead pipes
(1982a) >5 years 4.4 NG (
Nassau unoccupied 2,690 NG (Average, first flush
County (1985) <2 years 540 NG (
2-10 years 60 NG (
>10 years 10 NG (
Phi | adel phi a <2 years 90 NG Fl ushed
(1985) 5000 NG First-flush
>2 years 60 NG Fl ushed
500 NG First-flush
>4.5 years <25 NG NG
EPA (1987) <2 years NG 93% First draw (pH <6.4)
prelimnary NG 51% Fl ushed, 2 minutes (pH <6.4)
results
<2 years NG 83% First draw (pH 7.0-7.4)
NG 5% Fl ushed, 2 mnutes (PH 7.0-7.4)
<2 years NG 2% First draw (pH >8.0)
NG 0% Fl ushed, 2 minutes (pH >8.0)
2-5 years NG 84% First draw (pH <6. 4)
NG 19% Fl ushed, 2 minutes (PH <6.4)
2-5 years NG 28% First draw (pH 7.0-7.4)
NG % Fl ushed, 2 mnutes (pH 7.0-7.4)
2-5 years NG 18% First draw (pH >8.0)
NG 4% Fl ushed, 2 minutes (pH >8.0)
>5 years NG 51% First draw (pH <6. 4)
NG 4% Fl ushed, 2 mnutes (PH <6.4)
>5 years NG 14% First draw (pH 7.0-7.4)
NG 0% Fl ushed, 2 mnutes (PH 7.0-7.4)
>5 years NG 13% First draw (pH >8.0)
NG 3% Fl ushed, 2 mnutes (pH >8.0)

KEY: Pb=Lead NG= Not given
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diphant (1982 and 1983), studying the gal vanic action
bet ween | ead sol der and copper pipes, concluded that wth any
anount of new (exposed) solder alone (i.e., without |ead pipes)
and sufficient tinme, lead levels will always eventually exceed
100 ug/l if the volune of the sanple is small. The parameters of
the water (including pH and total carbonate) are irrelevant to
the prediction. H s analysis also showed that this galvanic
action can produce |ead contam nation |evels 100-1,000 tines
hi gher than equilibrium nodels would predict for the water itself.
Over tine, however, protective passivation filnms usually build up
in the plunbing and such gal vanic couples can stabilize eventually
at between 10 and 50 percent of the highest (initial) |eaching
rates (Aiphant, 1983) or even |lower (Lyon and Leni han, 1977).
Wth copper pipes and new sol der, flushed water sanples can
exceed the current MCL (Phil adel phia, 1985; Nassau, 1985; Kuch
and Wagner, 1983), although this is not common; the |length of new
plunbing is probably a significant factor here.

Wil e new housing containing |ead solder clearly represents
a significant risk of extrenely high lead levels in drinking
water, the possibility existed that this risk was included in the
sanples collected by Culligan. W evaluated this in tw ways.
First, we conpared the incidence rate in the Culligan data (16
percent of the sanples exceeded 20 ug/l) against the rates pre-
sented in studies of new plunbing (about 100 percent > 20 ug/l).
The literature on the |eaching potential of new plunbing shows
much hi gher contamination levels than is evident in the Culligan
kitchen tap sanpl es. Therefore, the data indicate that it is

unlikely that these sanples included new housing. Second, we
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contacted Culligan dealerships in eight different areas, including
both areas of recent rapid gromh and areas with relatively stable
growt h patterns. In each office, we asked the representative wth
the |l ongest sales record to describe the average Culligan custoner
on a public water supply and to estinmate how many custoners on
public water supplies lived in new hones. The representatives
contacted had served nmany thousands of custonmers and all described
their custoners as generally calling Culligan with |ong-standing
probl ens; for residences connected to comunity water systens,
new problens and problens in new honmes were perceived as going
first to the local public water utility.

I nhabi tants of new housing (i.e., built within the past
two years), therefore, represent a separate group at risk of
receiving water that exceeds 20 ug/l. Because this popul ation
is not represented in the sanples of partially flushed kitchen

tap water, they nust be added to the estinmate of exposure.

I1.C Esti nat ed Exposure to Lead in U.S. Tap Water

The estimate of exposure to lead levels in U S drinking
water > 20 ug/l has several conponents: 1) the general risk of
high lead |levels due to the corrosivity of all water and the con-
tact tinme between tap water and any materials containing |ead, 2)
the specific risk to inhabitants of new honmes (built within the
past two years), and 3) nmany assunptions, including the generaliz-
ability of the findings, the distribution of the at-risk popul a-
tions, the relationship between lead levels in water and human
bl ood-1ead |evels, conpliance with a new regulation, and other

i ssues.
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The first part of this section describes sone of the many
uncertainties and assunptions included in this analysis. The
second part presents estimates of potential exposure to tap water

containing 20 ug/l of |ead or greater.

I1.C 1. Uncertainties and Assunptions in the Analysis

It is inportant to note sonme of the assunptions and uncer-

tainties that are both inherent and explicit in this analysis.

Assunpti on: Total conpliance. This anal ysis assunes that, should

the MCL be reduced, all community water systenms will conply with

the new standard by whatever neans are necessary for that par-

ticular system In reality, if some systens do not conply, both
the costs and the benefits will be overestimted proportionately;
the benefit to cost ratio will remain the sane because both are

functions of the nunber of people affected.

No nore than borderline conpliance with the new standard is
assuned, however. That is, if the MCL is 20 ug/l, we assune that
any systens currently exceeding that level wll take neasures
to reduce their water to that |evel. If sonme systens act to reduce
| ead levels further, both the costs and the benefits will be
higher; it is unclear what the ratio between the costs and benefits

would be for the increnental reduction.*

The case study of Boston (Jacobson, 1986), summarized in Chapter

| and appended to this docunent, indicates that in particular
ci rcunstances, the benefit to cost ratio may be quite high --
11:1 in that case. It is unclear, however, whether or how

Jacobson’s results can be extrapolated to other U S. water
systens and cities and, therefore, to this proposed rule.

It is unlikely, though, that there is any reasonable and
practical scenario in which a water system would institute

corrosion control neasures where the increnental costs exceed
the increnental benefits. At a mninum therefore, these

costs and benefits should be assuned to be equal.
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Assunpti on: Treatnent can generally reduce lead levels to 20 ug/l.

In general, the data on corrosion control treatnment show signi-
ficant reductions in lead |levels (e.g., Karalekas et al., 1977,
1978, 1983; Herrera et al., 1983). However, efforts have generally
focused upon reducing |lead contamnation to |evels bel ow the
current MCL of 50 ug/l. There is very little data on reducing
| ead | evel s bel ow that. Sone prelimnary data is avail able
from EPA's "Lead Sol der Aging Project.” These results, shown as
Table 11-4, indicate that sinply raising pH alone greatly reduces
t he occurrence of sanples exceeding 20 ug/l.

Field data from Patterson and O Brien (1979), Britton and
Ri chards (1981) and others show that adjusting the alkalinity
of the water also significantly affects plunbosol vency. Q her
studies (e.g., Schock and Gardels, 1983) adjusted the |evel of
di ssol ved inorganic carbonate (DIC) as opposed to alkalinity,
because DIC is independent of pH while alkalinity is not. These
studies found that increasing DIC could slow | ead | eaching rates.
Some | aboratory, experinental, and theoretical analyses have
addressed the effect of sinultaneously altering several water
paraneters (e.g., pH alkalinity, inorganic carbonate, etc.) on
pl unbosol vency (e.g., Schock, 1980; Jackson and Shei ham 1980;
Schock and Gardels, 1983; Shei ham and Jackson, 1981; Kuch and
Wagner, 1983).

However, no treatnment has yet been shown to be conpletely
successful in preventing all contam nation of drinking water by

| ead. In particular, new (exposed) plunbing containing |ead
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TABLE 11-4. Percentage of Samples Exceeding 20 ug/l of Lead at Different
pH Levels, by Age of House

Percent of samples >20 ug/I

Age of House -bh First-flush Fully-flushed (2 min)
0-2 years £6.4 93% 51%
7.0 - 7.4 83% 5%
>8.0 72% 0%
2-5 years <6.4 84% 19%
7.0 - 7.4 28% %
>8.0 18% 4%
6+ years <6.4 51% 4%
7.0 - 7.4 14% 0%
<8.0 13% 3%

Source: U.S. EPA (1987), preliminary results from “Lead Solder Aging Study”
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seens to continue to produce relatively high levels of contam -
nation even in relatively non-corrosive waters (e.g., Neilsen
1976). The prelimnary results fromthe EPA sol der study on pH
adj ustnent, however, indicate that even these |evels can be
reduced significantly through treatnent.

For this analysis, we assuned that the best treatnment cur-
rently available will be adequate to reduce lead levels to
20 ug/l, except perhaps in certain specific circunstances such
as first-flush waters that have been standing for 16 hours or

nore, or with |ead solder that is under two years ol d.

Assunpti on: EPA will change its nonitoring requirenents to better

detect corrosion by-products in drinking water. The conmmon inter-

pretation of EPA's current nonitoring requirenents calls for

ful ly-flushed sanples, typical of distribution water.* Such prac-
tice will not capture the presence of lead in drinking water, or
indeed, the presence of any corrosion by-products, and results in
underestimati ons of contam nation and exposure. This anal ysis
assunes that EPA will change its regulations to capture that
exposure and that the criteria for conpliance with the new MCL
will consider the risk of contam nation by corrosion by-products.
A revision of EPA's nonitoring requirenments was called for by the
court in the decision on a lawsuit brought by the Environnenta

Def ense Fund agai nst the Agency, as EPA accunul ated data on the

*  This issue is discussed at the beginning of Section IIl.B.
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factors likely to affect lead levels in drinking water. EDF v.
Costle, 578 F. 2d 337, 349-350 (D.C. Cr. 1978). It was also
clearly the intent of the National Primary Drinking Witer Regul a-
tions (40 CFR §141.2(c)) and the Preanble to the Regulations (FR
vol une 40, nunber 248, p. 59575 - Decenber 24, 1975) that corrosion
by- products be addressed. These revisions have been expected

by the regulated community (e.g., AWM Committee Report, 1984)

and by professionals in the field (e.g., Hoyt et al., 1979;

Patterson and O Brien, 1979) for several years.

Assunpti on: Adults consune 2 liters of water (or water-based

fluids) per day and children consume 1 liter per day. For

consistency wth past analyses, this docunent used the estinmates
that are comonly held in the published literature and that have

served as exposure indexes in past EPA actions.

Assunpti on: Lead levels are tap specific. Because the |evel of

| ead contamination depends largely upon the length of contact

time between the water and the plunmbing as well as the paraneters
of the water, the particular materials of the private and public
pl unbi ng systens, and the age of the plunbing, lead levels vary

from tap to tap within a system and even within a house.

Assunpti on: The relationship between lead in drinking water and

human bl ood-1ead |evels. The published Iliterature presents

several possible equations relating lead levels in human blood to

intake of lead from drinking water. This analysis uses the
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fornmulae presented in the Quantification of Toxicological Effects

Section of EPA's Water Criteria Docunent (1985) for I|ead, which

are taken from the Air Quality Criteria Docunent (U S. EPA, 1986):

(for children) PbB* 0.16** x intake of lead from water

(for adults) PbB* = 0.06** x intake of lead from water.

The coefficient for children is taken from Ryu (1983), and the
source of the coefficient for adults is Pocock (1983). Bot h
assuned a linear relationship between lead in drinking water
and blood lead |evels.

Two other general approaches exist. The constant used for
children (PbB = 0.16 x Pb in water) is derived from a study of
infant blood lead levels (Ryu, 1983) , in which the “constant” was
really a non-steady state value. This may be an inappropriate
value to use or may be, at best, a lower bound estimate.t A
better “constant” nmay be the steady state value from the control
group in the Ryu study, which was 0. 45. If so, the projections
of children’s health effects in this analysis may be underestinmated
by as much as a factor of 3.

O her studies of the relationship between blood |ead Ilevels
and water I|ead concentrations (cf. the discussion and bibliographic

citations in the Ar Quality Criteria Docunent, 1986, p. |1I1-106ff.)

PbB = blood |ead |evel
These constants have a unit of wug/dl per ug/day.

1 The authors of the Ar Quality Criteria Docunent and the
Water Criteria Docunent are aware of this problem
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for both children and, nore commonly, adults, have found cube
root functions, typically with intercepts of 4-7 ug/dl (blood
lead, with water lead = 0). Wiile the linear forns cited above
and used in this analysis provide results simlar to the non-linear
forns over a very w de range of values (up to, say, 300 ug/l of
water), the form of the nodel greatly influences the estimated
contributions to blood lead levels fromrelatively |ow water-Iead
concentrations. Over the typical range of lead levels in US
drinking water (0-100 ug/l), the differences in estimted blood
| ead | evel s can be quite |arge. Indeed, in the range of this
analysis (generally, water lead |evels of 0-50 ug/l) , various
cube-root functions yield values that are 4-10 tines greater than
the estinmates using the linear form presented above. Al ternative
assunptions (e.g., those reasonably derived fromthe results of
Ri chards and More, 1982 or 1984) could indicate that exposure --
and consequently benefits -- in this analysis may be underesti nated,
possi bly by several factors.

Studies investigating the relationship between lead in
drinking water and lead in the blood have found a better fit
bet ween blood lead levels and lead levels in standing or first-
flush sanples than other neasures of |ead contam nation of water,
for instance, fully flushed sanples (Wrth et al., 1981; Pocock
et al., 1983; Bailey and Russell, 1981). This seens counter-
intuitive at first because the intake of standing water would be
expected to be nmuch less in total volunme consuned than for other

water (e.g., partly or fully flushed water), so the expected
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contribution of the relatively high lead levels typical of standin
sanpl es should be small. But several studies (Rabinowitz et al.
1976 and 1980, in particular) have shown that the absorption of
| ead varies depending on the state of the gastrointestinal system
Specifically, lead ingested on an enpty stomach (e.g., at breakfas
or between neal s) has a nuch higher absorption rate than does
| ead ingested on a full stomach. This could explain the closer
correlation between blood lead levels and |ead levels in standing
or first-flush water

Where studies have related blood lead levels to several
different measures of drinking water |lead, the correlation
coefficient is larger for the running sanples than for the first-
flush sanples, generally by a factor of 1.5-2 (e.g., Wrth et al.
1981; Central Directorate on Environnmental Pollution Study, 1982).
What ever neasure of water lead is used (first-flush, fully-flushed
etc.), the corresponding coefficient of relationship to bl ood
| ead nmust be used. That neans, if lead levels in partly flushed
water are neasured, the coefficient should also be for partly
flushed sanples.* However, no studies calculated the relationship
bet ween bl ood lead levels and lead levels in partly flushed
water. This analysis, therefore, uses the best avail able anal yses
the Ryu and Pocock studies discussed above, which eval uated

first-flush water. The use of the coefficients for first-flush

*

No study has yet calculated a value relating blood |lead |evels
to an integrative neasure of water consunption patterns, i.e.,
nmeasure reflecting actual drinking habits. A new epidem ol ogic
study to derive such a coefficient would be necessary in order
use data on actual consunption patterns.

g

t

a
a
to
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water with occurrence data relating to contamnation levels in
partly flushed water introduces a dowmward bias to the estimates.

In general, the studies assessing the form of the bl ood-|ead/
drinking-water-lead relationship, especially the British studies,
assune no contribution to the body burden of |ead from any other
environnmental sources besides drinking water. (The maj or exception
is Wrth et al., 1981.) For infants, this may be a |less significant
om ssion than for toddlers or adults. Curiously, the authors of
these studies do not question why there is an intercept of 4-7
ug/dl, even if water lead is zero. However, gasoline lead is an

i nportant determ nant of human bl ood-lead levels (cf. Air Quality

Criteria Docunent for Lead, 1986, p. 11-42ff; Chapter 3 of The

Costs and Benefits of Reducing Lead in Gasoline, 1985; and sources

cited there) . I ndeed, the reduction of gasoline lead levels in
the United States in the late 1970s appears to have resulted in a
reduction in children’s blood-lead |levels of alnost half during
that period (Annest et al., 1983). Lead paint, under certain
conditions, can also result in high |localized contam nation

| evel s.

Anal yses of the contributions from various nedia to human
bl ood-1ead |evels, focusing upon exposures typical in this
country, indicate that drinking water |ead nmay account for about
14-55 percent of the total burden of |ead.

It is nost likely that drinking water contributes 15-40
percent of the |ead body burden (cf, discussions throughout the

Alr Quality Criteria Docunent, sunmarized pp. 13-26ff).
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This analysis enploys the Ryu and Pocock coefficients (dis-
cussed above) relating lead levels in drinking water to blood
lead levels; these are conbined Wth the drinking water |ead
levels presented in this chapter to calculate the potential
effect upon blood |ead |Ievels. These changes are projected onto
extrapol ations of the data from the Second National Health and
Nutrition Exami nation Survey (NHANES 11)* on the distribution of

blood lead levels in the country (cf, Ar Quality Criteria Docunent,

chapter 11) to predict the health benefits that would result from

a potential reduction in the MCL from 50 ug/l to 20 ug/l.

Assunpti on: New solder containing |lead (under 24 nonths) contri-

butes an average of 25 ug/l of lead to drinking water. Many

field and |aboratory studies have found that |ead solder alone --
when used wth copper household plumbing -- could easily produce

lead levels in drinking water well above the current MCL, even in

relatively non-corrosive waters. To be conservative, we assuned

The NHANES Il was a 10,000 person representative sanmple of the
U S. non-institutionalized population, aged 6 nonths to 74
years. The survey was conducted by the (U S.) National Center
for Health Statistics (NCHS) over a 4-year period (1976-1980).
The data base is available from NCHS and analyses of the

| ead-related data from it have been published before (e.g.,
Annest et al., 1982 and 1983; Mahaffey et al., 1982a and 1982b;
Pirkle and Annest, 1984).

These extrapolations incorporate the reductions in exposure
resulting from the current phasedown in lead in gsoline (the
limt is currently 0.1 grams of |ead per gallon of gasoline).

The projections developed in support of that rule-naking and
presented in The Costs and Benefits of Reducing Lead in Gasoline

(U.S. EPA, 1985b) form the basis of the projections devel oped
for this potential rule.
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t hat new sol der would on average produce lead |levels at half the

MCL, i.e., 25 ug/l, in partly flushed tap water

Assunpt i on: People drink partly flushed tap water. * Lead |evels

are highest in first-flush sanples, that is, in water that has
been sitting for several hours or nmore (for instance, overnight
or all day). But those conditions occur only infrequently (at
nost, once or twice per day for each faucet), and the sparce
data available on actual drinking water use patterns indicate
that the bulk of consuned water is partly flushed (e.g., Bailey
and Russell, 1981). The likelihood of flushing the water before
using it probably follows age and sex patterns, and those nobst at
risk of lead’ s adverse health effects -- children -- may be |east
likely to flush the water

Therefore, EPA has concluded that people are nore likely to
consunme partly flushed water than fully flushed water.

On the other hand, two particul ar denographic trends over
the past few decades are likely to result in an increase in the
anmount of lead from drinking water to which people are exposed.
First, the nunmber and proportion of women working outside the
home has increased from 40 percent in 1970 to 51.9 percent in

1983 (Statistical Abstracts, 1985; Tables 27, 658, 659, and

el sewhere). This neans that nore hones will have two 'first-
flushes’ per day -- one in the norning and the other when the
* O its equivalent: Sone first-flush and some fully flushed

wat er .
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parent(s) return fromwork.* Cbviously, this doubles the possi-
bility of exposure to high first-flush |ead |evels. The second
denographic trend that is significant is the decrease in the
average nunber of occupants per housing unit. In 1950, there

were, on average, 3.37 people per housing unit, which has decreased

to 2.73 in 1983 (Statistical Abstracts, 1985; Table 54). The

nunber of occupants of a dwelling is inversely proportional to
lead levels in the drinking water, probably because fewer occupants
nmean the water will, on average, remain in the pipes |onger

In addition, as noted above in the discussion of the rela-
tionship between blood lead levels and levels of lead in drinking
water, blood |lead |evels correspond best with first-flush or

standi ng | evel s.

Uncertainty: Factors affecting lead levels in nulti-famly

housi ng, especially high-rise buildings. The avail able data on

| ead contam nation at the tap cones primarily from single-famly

hones. It is unclear how |l ead concentrations in nulti-famly
housing will vary. In the absence of good data, there are
t hree hypot hesi zed possibilities: lead levels will be higher in

high-rises than in single-famly homes with simlar water, |ead

levels will be lower, or contami nation |levels and patterns wll

be the sane. There are plausible argunents to support each thesis
Lead | evels may be higher in high-rise buildings because it

is nore difficult, and perhaps inpossible, to fully flush the

*

Exposure to lead in the work place or at school is not included
in this analysis.
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water in a building that is nore than a few stories. Because the
water is never really flushed, average residence tine in pipes is
| onger and therefore contam nation levels will be greater.

On the other hand, lead |evels may be | ower because one of
the factors contributing to high lead levels in tap water is the
relatively close ratio of water volune to surface area of pipe
resulting fromthe narrow pipes typical of home plunbing. Wile
the pipes going to each faucet nmay be conparable, high-rise
bui | di ngs have service pipes that are, on average, nuch w der
than the | argest pipes in hones. Because of the reduced ratio of
water to pipe surface area, the potential for high |ead contam na-
tion may be lower. Another factor, nunber of occupants, also cor-
relates inversely with lead |evels. Because multi-famly housing
has nore occupants in total, average residence tinme for water in
pi pes may be shorter than in single fam |y hones.

The third possibility is that both argunents above are
correct, and that they cancel out. Contami nation levels in |arge
apartnent buildings would be conparable to levels in single-famly

hones.

I1.C 2. Cal cul ations of Exposure to Lead in Drinking Water

Several adjustnents to the available data on lead levels in
tap water and in new housing are necessary to predict the nunber
of people served by community water supplies who are likely to be
exposed to drinking water exceeding an MCL of 20 ug/l. These

i nclude the assunptions discussed above and other data on the
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conposition of the housing stock in the United States and the use
of various plunbing materials.

These estinmates are for one sanple year only, 1988. Because
the ban on the use of materials containing lead in public water
supplies will becone enforceable after June 1988, exposure to |ead
in new housing can be expected to begin to decrease thereafter.

I1.C 2. a. Esti mate of Exposure to Lead in Drinking Water to
I nhabi tants of New Housi ng

The published literature shows that inhabitants of new housing
are at risk of exposure to high levels of lead in drinking water.
The rates are highest for the first two years, but they decline
and are generally not elevated beyond five years.

There were 1.7 mllion new housing starts and permts in the
United States during 1983 and 1.8 mllion in 1984.* Construction
data show that housing typically takes six nonths to a year from
permt to potential occupancy, so there are currently about 3.5

mllion new housing units (i.e., < 24 nonths). The Statistica

Abstract of the United States (1985) indicates that in 1983, the

aver age household contained 2.73 individuals (Table 58). Mul ti -
plied together, a total of 9.6 mllion people currently live in
new housi ng.

However, not all of these people are served by conmunity

water supplies. O the current (1985) U S. residential population

Survey of Current Business, U S. Departnment of Commerce-
Bureau of Econom c Anal ysis, 1985; Table on New Housing
Constructi on.
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(alittle over 240 mllion), 219.2 mllion are served by conmunity
wat er systens and this analysis only addresses that popul ation

In addition, the use of plastic plunbing materials has increased
recently and voluntary switching to | ead-free solder has occurred
in many areas; these homes are obviously at decreased risk of
exposure to lead fromthe |eaching of new |lead/tin sol der. Dat a
from the plunbing supply industry show that about 8 percent* of
new plunbing is plastic,** so 92 percent of the popul ation has
net al pi pes. W assuned that virtually all those with netal pipes
al so have sone solder or other fittings containing |ead, although
this may overestimate exposure sonewhat. W assuned that the

i nhabi tants of new housing are distributed proportionately between
community and non-community water supplies. Therefore, the

nunber of people served by comunity water supplies at risk of
high lead |evels from new solder in new housing is:

219 mllion
9.6 ml x 240 mlIlTion x .92 = 8.1 mllion people

This estinmate, based upon the current popul ation and current
buil ding practices, is for one sanple year, 1988. The ban on the

future use of materials containing lead in public water supplies

This is the arithnetic average of clains by the Plastic Pipe
Institute presented in Muk (1984) and of the Copper Devel op-
ment Associ ation presented in Anderson (1984).

**  Plastic pipes are used more commonly for waste water than for
intake water. But the use of plastic pipes for both is

i ncreasing rapidly.
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and in residences connected to them established by the Safe
Drinking Water Act as anended in 1986, will be enforceable after
June 1988. Exposure to lead in new housing can be expected to

decrease thereafter.

I1.C.2.b. Estinate of Exposure to Lead in Drinking Water to
I nhablitants of ol der Housi ng

The data on partly flushed kitchen tap sanples indicate that
16 percent of the drinking water in housing older than two years
in this country may exceed an MCL of 20 ug/l. To avoid doubl e
counting, the inhabitants of new housing served by conmunity
drinking water systenms nust be subtracted from the total nunber
of people served by comunity water suppli es.

O the current (1985) U S. residential population of a little
over 240 mllion, 219.2 mllion are served by community water
systens. Again, we assuned that the people who live in new
housing (9.6 mllion) are distributed proportionately between
community and non-comunity water supplies. Therefore

219 mllion
9.6 mllion x 240 mllion = 8.8 mllion people.

To calculate the risk to inhabitants of ol der housing, subtract

t he nunber in new housing (8.8 mllion) fromthe total served by
community water systens (219.2 mllion); that indicates that

210.4 mllion people live in older hones. Based upon the Culligan
data, 16 percent of them (33.7 mllion) are at-risk of high |ead

levels in partly flushed water at their kitchen taps.
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I1.C 2.c. Total Estinmated Exposure to Lead in Drinking Water

Combi ning the available data on lead levels in ol der housing
(33.7 mllion people exposed to lead levels > 20 ug/l) with the
new housing exposure estinmates (8.1 mllion people at risk)
indicates that 41.8 mllion people using public water supplies
currently may be exposed to sone water that exceeds the proposed

MCL of 20 ug/l; we round this to 42 mllion.

This estimate is for one sanple year, 1988. Many uncert ai n-
ties surround this estimate, indicating that it may be high or
| ow. Overall, exposure to lead in drinking water is expected to
decrease sonewhat after 1988 because of the Congressional ban on
the future use of pipes, solder and flux containing lead in public
wat er systens and in residences connected to them

On the other hand, this nmay be a | ow estinmate

° because it does not include the potential exposure
of occupants in housing built wthin the past 2-5
years;*

° because we have not included those who, while living
in ol der housing, have recently had major plunbing
repairs and so are also at risk of the potentially
high lead |evels associated with newy-installed
sol der;

° because the Culligan data represent water that is

harder than average, whereas high lead levels are
often found with soft waters;

The increnental risk to inhabitants of 2-5 year old housing is
not included in this analysis because it was not possible to
elimnate those people fromthe base and thus avoid doubl e-
counti ng.
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because the data used are for partially flushed
sanpl es, while sone people (especially children)
may consume water that is closer to first-flush
or standing sanples;* and

because sone of the statistical and anal ytica
techni ques used lend a dowward bias to the results
(e.g., the nethod of sanple preservation and the
use of a first-flush correlation coefficient with
data on lead levels in partly-flushed water).

In addition, we have not included any data fromthe estimated

60 mllion people served wholly or in part by private and non-

community water supplies.**

* %

Blood lead levels are nore closely related to lead |evels
in first flush or standing water.

Sonme people are served by both public and private supplies.

For

i nstance, a person’s hone may be served by a public water

system while the drinking water supply at school or work nay
be private.



CHAPTER 111
BENEFI TS OF REDUCI NG CHI LDREN S EXPOSURE TO LEAD

The scientific literature presents evidence of a variety of
physi ol ogi cal effects associated with exposure to |ead, ranging
fromrelatively subtle changes in various biochem cal neasure-
ments at very low levels of exposure, to severe retardation
and even death at very high levels of exposure. Al though such
effects are found in individuals of all ages, particular concern
has focused on children.

Because the body is a conplex structure of interdependent
systens and processes, effects upon one conponent wll have cascad-
ing inplications throughout the body. This interdependence is
well illustrated by multi-organ inpacts resulting from the inhibi-
tion of heme synthesis by lead, with consequent reduction in the
body heme pool. These effects are depicted graphically in Figure

I11-1, taken from EPA's nost recent Air Quality Criteria Docunent

for Lead (1986; p. 13-31). A summary of children’s health effects

from exposure to lead, taken fromthe Air Quality Criteria Docunent

and included in the Water Criteria Docunent for Lead (1985),

p. VI11-65, is also included here as Figure I11-2.

This chapter summarizes the avail able evidence of the effects
of lead on children, and estinmates sonme of the health benefits of
reduci ng exposure by reducing |ead concentrations in drinking water.
Section A deals with the pathophysiol ogical effects of |ead,
whil e Section B addresses the evidence on neuropsychol ogi cal
effects (primarily reduced cognitive ability), and Section C

di scusses the fetal effects of |ead exposure. Section D presents



-2

Effects on the Hene Pool

Figure I'l1-1 Milti-Organ Inpacts of Lead s
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results in disruption of a wide variety of important physio-

Multi-organ impact of reductions of heme body pool by lead. Impairment of heme

synthesis by lead

logical processes in many organs and tissues. Particularly well documented are erythropoietic,
neural, renal-endocrine, and hepatic effects indicated above by solid arrows { ——am=}. Plausible

further consequences of heme synthesis interference by It)aad which remain to be more conclu-

sively established are indicated by dashed arrows = ~=#=j}.



FIGRE I11-2.  SUMWARY OF LOAEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN CHI LDREN

Lowest Observed Heme Synthesis and 13 Neurological Renal System Gastrointestinal
Effect Level (PbB) Hematological Effects Effects Effects Effects
80-100 ug/dl Encephalopathic Chronic nephropathy Colic, other overt
signs and symptoms (aminoaciduria, etc.) gastrointestinal
symptams
|
70 ug/dl Frank anemia I
\Y
60 ug/dl Peripheral neuropathies -—
50 ug/dl ?
40 ug/dl Reduced hemoglobin CNS cognitive effects
synthesis (10 deficits, etc.)
Elevated coproporphyrin Peripheral nerve
dysfunction

(slowed NCV's)

Increased urinary ALA

30 ug/dl Vitamin D metabolism
interference
|
15 ug/dl Erythrocyte Altered CNS |
protoporphyrin electrophysiological |
elevation responses I
|
10 ug/dl ALA-D inhibition l |
v v
Py-5-N activity ? ?
inhibition
|
v
?

Abbreviations: PbB = blood lead concentrations; Py-5-N = pyrimidine-5'-nucleotidase; ONS = central nervous system;
NCV = nerve conduction velocit; ALA = aminolevulinic acid
Source: Air Quality Criteria Document for Lead (1986)
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the methods used to nonetize the benefits of reducing children’s
exposure to | ead. Section E discusses sone inherent limtations
of cost-of-illness studies, upon which nost of these nonetized
health benefits are based, and lists many additional health
effects that are not included at all in our analysis. A summary
of the nonetized and non-nonetized children’s health benefits
for one sanple year (1988) is presented in Section F.

Ful l er discussions of the adverse health effects associ ated
with | ead exposure can be found in other EPA docunents: the Ar

Quality Criteria for Lead (1986), including the Addendum which is

part of Volunme 1; the Quantification of Toxicological Effects

section of the Drinking Water Criteria Docunent on Lead (1985);

and The Costs and Benefits of Reducing Lead in Gasoline (1985).

This docunent rests heavily upon the analysis and

met hodol ogies in The Costs and Benefits of Reducing Lead in

Gasoline. Two sections (lII1.A 4 on Stature Effects and I11.C

on Fetal Effects) have been expanded from the earlier analysis;
the other sections have been condensed. This reflects the
inclusion of new materials and is not an indication of relative

i nport ance. In addition, this docunent includes an alternative
met hod for val uing one aspect of cognitive damage: potentia
decrenment in IQ valued as a function of the potential decrease
in future earnings. This chapter also contains a discussion of
the limtations of cost-of-illness studies, both in general and
of the specific studies which serve as the basis of this analysis,

that did not appear in the earlier cost benefit analysis.
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The estimates of health benefits associated with this
proposed rule rely upon data on the distribution of lead |evels
in children and adults collected as part of the Second Nationa
Health and Nutrition Evaluation Survey (NHANES I1). The NHANES ||
was a 10,000 person representative sanple of the U S. non-institu-
tionalized popul ation, aged 6 nonths to 74 years. The survey was
conducted by the (U S.) National Center for Health Statistics
(NCHS) over a four-year period (1976-1980). The data base is
avai l abl e from NCHS and anal yses of the lead-related data fromit
have been published before (e.g., Annest et al., 1982 and 1983;
Mahaffey et al., 1982a and 1982b; Pirkle and Annest, 1984). This
survey provides careful blood, biochem cal, nutritional and many
ot her biological, social, and denographic neasures representative
of the U S. popul ation.

The fact that other sources of |ead, especially gasoline,
woul d slowly decline even without new EPA drinking water standards
created a slight conplication in projecting blood lead |evels for
sanpl e year 1988. Because gasoline lead levels fall over tinme as
unl eaded gasoline replaces |eaded, the difference in blood |ead
| evels resulting fromthis rule will change over tine. The
estimates in this report account for both reductions in sone
ot her sources of |ead and changes in the denographic profile of
the U S. population. This nodel served EPA also in its analytica
efforts supporting the nost recent phasedown in the anount of
lead permtted in | eaded gasoline; it is discussed nore fully in

The Costs and Benefits of Reducing Lead in Gasoline (US-EPA,

1985b) .
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. A Pat hophysi ol ogi cal Ef fects

El evated blood-lead levels have long been associated wth
neur ot oxi col ogi cal effects and nmany other pathological phenonena:
an article on lead' s neurotoxicity was published as early as 1839,
on kidney damage in 1862, and on inpaired reproductive function
in 1860. From an historical perspective, |lead exposure |levels
considered acceptable for either occupationally-exposed persons or
the general population have been revised downward steadily as
nore sophisticated bionedical techniques have shown fornerly-
unrecogni zed biological effects, and as concern has increased
regarding the nedical and social significance of such effects.

In the nost recent downward revision of nmaximm safe levels (late
1984 - early 1985), the Centers for D sease Control (CDC | owered
its definition of lead toxicity to 25 ug/dl blood lead and 35

ug/dl of erythrocyte protoporphyrin (EP). The present literature
shows biological effects as low as 10 ug/dl (for heme biosynthesis)
or even 6 ug/dl (for fetal effects and for 1Q effects in sone

popul ati ons); indeed, sonme effects (e.g., elevated ALA |evels,
hearing decrenents, or stature effects) have exhibited no threshold
so far.

There is no convincing evidence that |ead has any beneficial
biological effect in humans (Expert Committee on Trace Metal
Essentiality, 1983).

The finding of biological effects at the |owest observed
bl cod-lead levels (4-6 wug/dl) potentially has inportant inplica-

tions for public health, because such levels are common in the
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U S. population. As Table IIl-1 shows, between 1976 and 1980
over three-quarters of children under the age of 18 had bl ood

| ead levels in excess of 10 ug/dl, and 15 percent exceeded 20
ug/dl. The rates anong bl acks and anong preschool children were
even hi gher.

Lead’ s diverse biological effects on humans and aninmals are
seen at the subcellular |evel of organellar structures and
processes, and at the overall level of general functioning that
enconpasses all of the bodily systens operating in a coordi nated,

i nt er dependent way. The biological basis of lead toxicity is its
ability, as a netallic cation, to bind to bio-nolecul ar substances
crucial to normal physiological functions, thereby interfering
with these functions. Specific biochem cal nechanisns include

| ead’ s conpetition with essential netals for binding sites,

i nhibition of enzyne activity, and inhibition or alteration of
essential ion transport. The effects of |ead on certain subcell u-
| ar organelles, which result in biochem cal derangenents conmon
to and affecting many tissues and organ systens (e.g., the disrup-
tion of heme synthesis processes), are the origin of many of the
di verse types of |ead-based functional disruptions of organ

syst ens.

Lead is associated with a continuum of pathophysi ol ogi ca
ef fects across a broad range of exposures. In addition to the
high level effects nmentioned above, there is evidence that |ow
bl ood-l ead Il evels result in:

1. Inhibition of pyrimdine-5-nucleotidase (Py-5-N)

and del ta-am nol evulinic acid dehydrase (ALA-D)
activity, which appears to begin at 10 ug/dl of
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TABLE 111-1. Bl ood Lead Levels of Children in the United States
1976-80 (percent in each cell; rows sumto 100 percent)
10- 19 20- 29 30- 39 40- 69
<10 ug/dl ug/ dl ug/ dl ug/ dl ug/ dl
Al | Races
all ages 22.1 62.9 13.0 1.6 0.3
6 nmonths-5 years 12.2 63. 3 20.5 3.5 0.4
6-17 years 27.6 64. 8 7.1 0.5 0.0
Wi te
al | ages 23.3 62. 8 12. 2 1.5 0.3
6 nmonths-5 years 14.5 67.5 16. 1 1.8 0.2
6-17 years 30.4 63. 4 5.8 0.4 0.0
Bl ack
al |l ages 4.0 59.6 31.0 4.1 1.3
6 nmonths-5 years 2.7 48. 8 35.1 11.1 2.4
6-17 years 8.0 69.9 21.1 1.0 0.0
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bl ood |l ead or below (Angle et al., 1982).
Her nberg and N kkanen (1970) found 50 percent of
ALA-D inhibited at about 16 ug/dl

Inhibition of erythrocyte ALA-D appears to occur at
virtually all blood |ead |evels neasured so far, and
any threshold remains to be determ ned (cf, sunmmary
of literature in Air Quality Criteria Docunent, 1986;
pp. 12-13 to 12-51).

El evated | evels of EP zinc protoporphyrin (ZPP) in
red blood cells at about 15 ug/dl. This probably

i ndicates a general interference in hene synthesis

t hroughout the body, including interference in the
functioning of mtochondria (Pionelli et al., 1977).
Changes in hene netabolism have been reported peri-
natally at blood lead |evels of 8-10 ug/dl (Lauwerys
et al., 1978). Sone studies that accounted for iron
status show that children with low iron stores are
nore sensitive to lead in terns of heme biosynthesis
interference (e.g. , Mhaffey and Annest, 1986).

Changes in the el ectrophysiological functioning of

t he nervous system  This includes changes in slow
wave el ectroencephal ogram (EEG patterns and increased
| atencies in brainstem auditory evoked potentials
(Gto et al., 1981, 1982, 1984) which begin to occur
at about 15 ug/dl The changes in sl owwave EEG
patterns appear to persist over a two-year period.
Aso, the relative anplitude of synchronized EEG
between left and right | obe shows effects starting at
about 15 ug/dl (Benignus et al., 1981). Final ly,
there is a significant negative correlation between
bl ood | ead and nerve conduction velocity in children
whose bl ood | ead levels range from 15 ug/dl to about
90 ug/dl (Landrigan et al., 1976).

I nhibition of globin synthesis, which begins to
appear at approximately 20 ug/dl (Wite and Harvey,
1972; Dresner et al., 1982).

Increased levels of amnolevulinic acid (ALA) in

bl ood and soft tissue, which appear to occur at
about 15 ug/dl and may occur at |ower |evels
(Meredith et al., 1978). Several studies indicated
that increases of ALA in the brain interfered with
t he gamma- am nobutyric acid (GABA) neurotransmtter
system in several ways (Criteria Docunent, 1986;

p. 12-145 ff).

I nhibition of vitam n D pat hways, which has been
detected at the | owest observed bl ood-|ead |evels
(Rosen et al., 1980a, 1980b; Mahaffey et al., 1982).
Further, as blood |lead |evels increaser the inhibition
becones increasingly severe.
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7. An inverse relation between maternal and fetal
bl ood-l ead | evels and gestational age, birth
wei ght, and early post-natal devel opnent (both
physi cal and mental) down to 10 ug/dl and possibly
bel ow (Bellinger et al., 1984; MM chael et al.
1986) . I nvestigations of post-natal growh and
devel opnment al so present evidence of a negative
association with blood-l1ead |evels at the |owest
observed bl ood-lead |evel (Schwartz et al., 1986).

8. Finally, recent studies of 1Q effects in poor
bl ack children (Schroeder, 1985; Schroeder and
Hawk, 1986) show 1 Q effects over the range of
6 to 47 ug/dl wthout an evident threshold
(cf also Alr Quality Criteria Docunent, 1986;
p. 12-92 ff, 12-157, and el sewhere). Anot her
recent article (Schwartz and Oto, 1987) shows
hearing effects throughout the range of measured
bl ood- | ead | evel s.

These data cite the | owest observed effect levels to date, and
do not necessarily represent affirmative findings of thresholds
bel ow whi ch exposures can be consi dered safe.

The specific effects |listed above as occurring at blood |ead
| evel s below 25 ug/dl indicate (a) a generalized |ead inpact on
erythrocytic pyrimdine netabolism (b) a generalized |ead-induced
i nhibition of hene synthesis, (c) |ead-induced interference with
vitamin D netabolism and (d) |ead-induced perturbations in
central and peripheral nervous system functioning.

As | ead exposure increases, the effects beconme nore pro-
nounced and broaden to additional biochem cal and physi ol ogica
mechani sns in various tissues, causing nore severe disruptions
of the normal functioning of many organ systems. At very high
| ead exposures, the neurotoxicity and other pathophysiol ogica
changes can result in death or, in sonme cases of non-fatal |ead
poi soni ng, long-lasting sequelae such as nental retardation and

severe kidney disease.
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This chapter discusses the known pathophysiol ogical effects
of lead that occur in children, particularly the neurotoxic and
fetal effects, and the expected change in the nunber of children
at potential risk of those effects under EPA s proposed drinking

wat er regul ation.

[11.A 1. Effects of Lead on Pyrim dine Metabolism

The best-known effect of lead on erythrocytic pyrimdine
nmet abolismis the pronounced inhibition of Py-5-N activity, an
enzyne that controls the degradation and renoval of nucleic acid
fromthe maturing red blood cell (reticulocyte). As noted earlier,
the disruption of this function by |lead has been noted at exposure
| evel s beginning at 10 ug/dl. At blood |ead |evels of 30-40
ug/dl, this disturbance is sufficient to materially contribute
to red blood cell destruction and, possibly, decreased henogl obin
production contributing to anema (Wrld Health O ganization,
1977; National Acadeny of Sciences, 1972; Lin-Fu, 1973; Betts et
al., 1973). The nechanism of this inhibition nmay have a w de-
spread inpact on all organs and tissues.

1. A 2. Ef fects on Hene Synthesis and Rel ated
Henat ol ogli cal Processes

These effects, are described nore fully in the Air Quality

GCiteria for Lead (EPA, 1986), are only summarized here.
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I11.A 2.a. Mtochondrial Effects

The mtochondrion is an organelle within the cell and outside
the nucl eus that produces energy for the cell through cellular
respiration and is rich in fats, proteins and enzynes. It is the
critical target organelle for lead toxicity in a variety of cel
and tissue types, followed probably by cellular and intracellul ar
menbr anes. The scientific literature shows evidence of both
structural injury to the mtochondrion (e.g., Goyer and Rhyne,
1973; Fow er, 1978; Fower et al., 1980; Bull, 1980; Pounds et
al ., 1982a and 1982b) and inpairnment of basic cellular energetic
and other mtochondrial functions (e.g., Bull et al., 1975; Bull
1977, 1980; Holtzman et al., 1981; Silbergeld et al., 1980).

These and ot her studies also provide evidence of uptake of |ead

by mtochondria in vivo and in vitro.

I11.A 2.Db. Henme Synthesis Effects

The best-docunented effects of |ead are upon hene biosynthesis.
Hene, in addition to being a constituent of henoglobin, is an
obligatory constituent for diverse henmoproteins in all tissues,
bot h neural and non-neural . Henoproteins have inportant roles in
generalized functions, such as cellular energetic, as well as in
nore specific functions such as oxygen transport and detoxification
of toxic foreign substances (e.g., the mxed-function oxidase
systemin the liver). Statistically significant effects are
detectable at 10-15 ug\dl.

The interference of lead with henme synthesis in liver mto-
chondria appears to result in the reduced capacity of the Iliver

to break down tryptophan, which, in turn, appears to increase
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| evel s of tryptophan and serotonin in the brain (Litmn and
Correia, 1983). This nmay account for sone of the neurotoxic
effects of | ead.

The el evation of am nolevulinic acid (ALA) |levels is another
indication of lead's interference in heme synthesis and mtochon-
drial functioning. Because increased ALA is associated with
significant inhibition of certain kinds of neurotransm ssion, such
el evations can have serious neurotoxic inplications. Thus, in
addition to its direct nolecular neurotoxicity, |lead nmay adversely
affect the brain at |ow exposure |levels by altering hene synthesis
(e.g., Silbergeld et al., 1982). There appears to be no threshold
concentration for ALA at the neuronal synapse bel ow which presyn-
aptic inhibition of GABA rel ease ceases.

Since ALA passes the blood brain barrier and is taken up by
brain tissue, it is likely that elevated ALA levels in the
bl ood correspond to elevated ALA levels in the brain (More and
Meredi th, 1976). Furthernore, lead in the brain is likely to
enhance brain ALA concentrations because neurons are rich in mto-
chondria, the subcellular site of ALA production. As mentioned
earlier, blood ALA elevations are detectable at 18 ug/dl of bl ood
| ead (Meredith et al., 1978).

I11.A 3. Lead’s Interference with Vitamn D Mtabolism and
Associ at ed Physi ol ogi cal Processes

Anot her potentially serious consequence of |ead exposure
is the inmpairnent of the biosynthesis of the active vitamn D
net abol i ze, 1,25-(CH), vitamn D, detectable at blood |ead
| evel s of 10-15 ug/dl. Further, an inverse dose-response rela-

tionship has been reported between blood |ead and 1, 25-(CH),
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vitamn D throughout the range of neasured blood |ead val ues up

to 120 ug/dl (Criteria Docunent, p. 12-37 ff.; Rosen et al.

1980a, 1980b; Mahaffey et al., 1982b). Interference with vitamn
D production disrupts cal cium and phosphorous honeostasis, par-
tially resulting in the reduced absorption of these elenments from
the gastro-intestinal tract. This may alter the availability of
t hese el enents for physiological processes crucial to the nornal
functioning of many tissues, cell nenbranes, and organ systens.
The reduced uptake and utilization of calcium has two
conmpoundi ng consequences. First, it interferes with calcium
dependent processes that are essential to the functioning of
nerve cells, endocrine cells, nmuscle cells (including those in
the heart and other conponents of the cardiovascul ar systen)
bone cells, and nost other types of cells. The second concern
is possible increased |ead absorption resulting from decreased
calciumavailability. The latter can be expected to further
exacerbate the inhibition of vitamn D netabolism and reduced
calcium availability (Sorrell et al., 1977; Mhaffey et al., 1986),
resulting in even greater |ead absorption and greater vulnerability
to increasingly nore severe |ead-induced health effects (Rosen et
al ., 1980b; Barton et al., 1978). These effects are especially
dangerous for young (preschool age) children who are devel opi ng
rapidly. These children, even in the absence of lead, require a
relatively high intake of calciumto support the formation of the
skel etal system as well as several other cal cium dependent

physi ol ogi cal processes inportant in young children.
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Even noderate |evels of |ead exposure in children are
associated with vitamn D disturbances that parallel certain neta-
bolic disorders and other disease states, as well as severe kidney

dysfunction (Criteria Docunent, 1986; p. 12-37). At bl ood | ead

| evel s of 33-55 ug/dl, 1,25-(CH), vitamin D is reduced to levels
conparable to those observed in children who have severe rena
insufficiency with the [oss of about two-thirds of their norma
ki dney function (Rosen et al., 1980a; Rosen and Chesney, 1983;
Chesney et al., 1983). Analogous vitam n D hornone depressions
are found in vitamn D dependent rickets (type |), oxalosis,

hor none- defi ci ent hypoparat hyroi di sm and al um num intoxication
in children undergoing total parenteral nutrition.

Lead-induced interference with 1,25-(0H), vitamn D biosyn-
thesis affects a w de range of physiol ogical processes. The
vitam n D-endocrine systemis responsible in large part for the
mai nt enance of extra- and intra-cellular calcium honeostasis
(Rasmussen and Wai sman, 1983; Wng, 1983; Shlossman et al., 1982;
Rosen and Chesney, 1983). Thus, nodul ation in cellular calcium
nmet abol i sm i nduced by lead at relatively |ow concentrations may
potentially disturb multiple functions of different tissues that

depend upon calcium as a second nessenger (Criteria Docunent, p

12- 40). It also appears that 1,25-(OCH), vitamn D participates
directly in bone turnover by orchestrating the population of

cells within the bone (Criteria Docunent, p. 12-41). An inmmuno-

regul atory role for the vitamn D hornone is evident through the

wi despread existence of 1,25-(CH), vitamn D; receptor sites in
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i mmunoregul atory cells, such as nonocytes and activated |ynphocytes
(Provvedini et al., 1983; Bhalla et al., 1983).

The negative correlation between blood | ead and serum
1,25-(0OH)o vitamin D, the hornonally active formof vitamn D
appears to be another exanple of lead s disruption of mtochondrial
activity at |ow concentrations. Wile serum levels of 1,25-(0H)j
vitamin D decreased continuously as blood |ead |evels increased
fromthe | owest neasured level (12 ug/dl), this was not true for
its precursor, 25-(CH) vitamn D In fact, in |ead-intoxicated
children after chelation therapy, 1,25-(0H)y vitanmin D |evels
were restored, but the precursor |evels remai ned unchanged (Rosen
et al., 1980a, 1980b; Mahaffey et al., 1982). This indicates
that lead inhibits renal 1-hydroxylase, the kidney enzyne that
converts the precursor to the active formof vitanin D. These
observations in children are supported by lead effects on vitamn
D netabolismin vivo and in vitro (Smth et al., 1981, Edelstein
et al., 1984). Renal 1-hydroxylase is a mtochondrial enzynme
system which is nediated by the henoprotein, cytochrone P-450.
This suggests that the damage to the mitochondrial systens detected
at 15 ug/dl and bel ow has unconpensat ed consequences.

If cytochrome P-450 is being inhibited at the low |l evel s of
bl ood |l ead that the reduced renal 1-hydroxylase activity suggests,
it is possible that other physiological functions related to
cytochrome P-450 are also disrupted. For exanple, reduced P-450
content has been correlated with inpaired activity of the liver
det oxi fyi ng enzymes, aniline hydroxylase and am nopyrine denethy-

| ase, which help to detoxify various nedications and xenobiotics
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and nodul ate the netabolism of steroid hornones (Col dberg et al.,
1978; Saenger et al., 1984).

Wil e cytochronme P-450 inhibition has been found in animals,
and in humans at higher lead |levels, this has not yet been
examined in children at blood |lead |evels < 25 ug/dl. But the
di sruption of vitamn D biosynthetic pathways at these levels is
suggestive of an effect.

The reduction in hene caused by |ead exposure probably
underlies the effects seen in vitamin D netabolism This would
explain the simlarity in the effect of lead on both erythrocyte
pr ot opor phyrin accunul ati on and decreases in |levels of serum
1,25-(0OH)3D. It would also indicate a cascade of biologica
ef fects anong many organ and physiol ogi cal systens of the body
(depicted graphically in Figure Il11-1). Together, the inter-
rel ati onships of calcium and |lead netabolism lead s effects
on 1,25-(0H) D, and the apparent disruption of the cytochrone
P- 450 enzyme system provide a single nolecular and nechanistic
basis for Aub et al.'s observation in 1926 that "lead follows

the cal cium stream"

1. A 4. Stature Effects

Smal | stature has been identified with | ead poisoning for
many years (e.g. , Nye, 1929), and is a plausible outcone, given
the known biotoxic interaction of |lead with cal ci um nmessengers,
hene- dependent enzynes, and neuroendocrine function. Sever al

new studi es provide evidence of a nuch stronger association
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bet ween exposure to |ead and subsequent growth and devel opnent
t han was previously thought. These studies of stature effects

were not included in The Costs and Benefits of Reducing Lead in

Gasol i ne. The Addendum to the Criteria Docunent (1986), appended

to Volume 1, contains a discussion of the deleterious effect of
| ead upon various aspects of devel opnent and growth, even at
the relatively |ow exposure |evels encountered by the genera

popul ation, i.e., 15 ug/dl and below (p. A-31 to A-56).

I11.A 4. a. Ef fects of Lead on Fetal Growth

Many studies have investigated the effect of intrauterine
| ead exposure on gestational age, fetal growh and fetal physica

devel oprent.* The Air Quality Criteria Docunent (1986; pp. 12-

192 to 12-220) and the Addendumto the Criteria Docunent (1986,

pp. A-31 to A-56) contain a full review of these studies.

Several studies exam ned the relationship between maternal
or fetal blood-lead |evels and gestational age. Moore et al
(1982), for instance, conducted a cross-sectional study of 236
not her-infant pairs in dascow, Scotland. Blood lead |evels
showed a significant negative relation to gestational age, for
both maternal and cord |ead neasures. The blood lead |evels were

within the normal range and higher, with geonetric mean bl ood-| ead

Many of these studies also show a relationship between bl ood
lead levels (both maternal and fetal) and negative pregnancy
out cones, including early menbrane rupture, mscarriages and
spont aneous abortions, potential mnor congenital anonmalies in
live births, etc. These and other adverse effects upon the
fetus are discussed in Section IlIl.C. of this report.
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| evel s of 14 ug/dl for the nothers and 12 ug/dl for the infants.
As an indication of the findings, the nean blood-lead |evels for
the 11 cases of prenmature birth (gestational age under 38 weeks)
were anong the highest and averaged about 21 ug/dl for nothers
and 17 ug/dl for infants. In this study, first-flush househol d
water lead levels were positively associated with both naternal
and fetal blood-lead |evels.

In anot her recent study of gestational age (MM chael et al.,
1986), following 774 pregnancies to conpletion (live birth,
spont aneous abortion, or still birth), wonmen with blood |ead
levels > 14 ug/dl were over 4 times nore likely to deliver pre-term
than women with blood |lead levels of < 8 ug/dl. Excl udi ng cases
of still births, the relative risk increased to al nost 9.

O her studies have | ooked at the relationship between prenatal
exposure to lead and birth weight or size. Nordstrom et al
(1979b), examning records of fenale enployees of a Swedish
snelter, found decreased birth weights related to: 1) enpl oynent
of the nother at the snelter during pregnancy, 2) distance the
nother lived fromthe snelter, and 3) proximty of the nother’s
job to the actual snelting process. In a related study (Nordstrom
et al., 1978a), simlar results were found for infants born to
nothers nerely living near the snelter.

A nore recent paper by Bryce-Smth (1986) found both birth
wei ght and head circunference related to placental |ead |evels
in a cohort of 100 normal infants. Another study (Bellinger et

al ., 1984), studying nental devel opment in mddle class children



[11-20

up to 2 years old, found a nore subtle exposure-related trend in
the percentage of snall-for-gestational-age infants. Dietrich
et al. (1986), presenting interimresults, also found that pre-
natal lead |evels were associated wth both reduced gestational
age and reduced birth weight, which in turn were both signifi-
cantly associated with reduced neurobehavi oral performance at

t hree nonths.

Sonme other studies (e.g., Cark, 1977; MM chael et al.
1986*) did not find birth weight statistically significantly
related to blood |ead |evels, however. Nonet hel ess, “the evi dence
as a whole fromthese studies indicates that gestational age
appears to be reduced as prenatal |ead exposure increases, even

at blood lead levels below 15 ug/dl" (Addendumto the Criteria

Docunent, 1986; p. A-45).

O her recent studies of l|lead s adverse effect upon physica
devel opnment have assessed neurobehavi oral aspects of child
devel oprent . These studies are described and evaluated in Section
B on lead s neurol ogical effects. Lead’ s adverse inpact on
gestational age, however, has cascading effects upon subsequent

ment al devel opnent in infants.

I11.A 4.b. Ef fects of Lead on Post-Natal G owth

The first article on lead’s effect on stature (Nye, 1929)
observed the incidence of "runting", eye squint and drop foot as

physi cal characteristics of overtly | ead-poisoned children.

The Addendum to the Criteria Docunent (1986; p. A-43f) suggests
that the findings of McMchael et al. are "not entirely clear

wth regard to birth weight. The proportion of pregnancies
resulting in |lowbirthweight singleton infants [in the high
bl ood-lead group] . . . was nore than twice that for the [|ow

bl ood-1 ead group].”
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Since then, however, surprisingly few studies have investigated
this effect, until quite recently.

In the 1970s, three studies (Moty et al., 1975; Johnson and
Tenuta, 1979; Routh et al., 1979) investigated possible stunting
of physical growh as an end point of |ead exposure. In the
first study, the children in the high-lead group (blood |eads of
50-80 ug/dl) were shorter and weighed |less than those in the
| ow| ead group (blood |eads, 10-25 ug/dl). But the high-Iead
group was also slightly younger (average age 33 nonths vs. average
age 34 nonths in the |Iowlead group) and not racially matched, so
it is difficult to determine clearly the relative contribution of
lead to the difference in stature. Johnson and Tenuta studi ed
the growth and diets of 43 |owinconme children and also found a
rel ati ve decrease in height with an increase in blood |ead |evel
But they did not report the specific racial conposition and nean
ages of the subjects, nor did they assess the relative contribution
of differences in calciumintake or the incidence of pica or
other factors. Rout h and co-workers found the incidence of
m croencephaly (defined as head circunference at or below the
third percentile for the child s age on standard growth charts)
was markedly greater anmong children with blood |lead |levels > 30
ug/dl than in those with blood |ead |evels below 29 ug/dl
Agai n, however, it is not possible to distinguish the relative
contribution of lead from other (racial, dietary, etc.) factors
that may have affected these children’s growt h. Despite their
i ndi vi dual weaknesses, the three studies together are suggestive

of an effect.
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Much stronger evidence for the retardation of growth and
decreased stature associated with exposure to |ead has energed
nore recently from animal toxicology studies and the eval uation
of large epidem ol ogic data sets.

About 65 papers on ani mal experinmental studies have been
published in the last 10 years that investigated the retardation
of gromh following |owlevel exposure during intrauterine life,
early post-natal life or both. These studies found decreased
body weight at blood lead |evels of 18-48 ug/dl with no change
in food consunption (e.g., Gant et al., 1980). Deficits in
the rate of neurobehavioral devel opnment and indications of specific
organic or functional alterations were observed at blood |ead
levels as low as 20 ug/dl (e.g., Fower et al., 1980). As

summari zed in the Addendumto the Criteria Docunent (1986; p. A-

51), “it seens very clear [from these aninmal studies] that |ow
l evel chronic lead during pre- and early post-natal devel opnent
does indeed result in retarded growh even in the absence of
overt signs of |ead poisoning.”

Finally, Schwartz et al. (1986) analyzed results fromthe
Second National Health Assessnent and Nutritional Evaluation Survey
(NHANES 11) to investigate the relationship between bl ood |ead
| evel s and physical devel opnent, controlling for other contri-
buting factors, including age, race, sex, several neasures of
nutritional status, famly incone, degree of urbanization and
many other variables enabling them to account for general health
and environnmental and nutritional factors that m ght not be

adequately controlled for by the nutrient and bl ood neasurenents.
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To assure that blood |ead was not found to be significantly
associated with growth and devel opnent because of the correl ation
bet ween bl ood |lead and nutritional status, a stepw se regression
procedure enpl oying potential confounding variables was used.

To address the NHANES Il survey design, the conputer program
SURREGR was used.

Schwartz’s results show that blood lead |levels are a
statistically significant predictor of children's height (p <
0.0001), weight (p < 0.001) and chest circunference (p < 0.026),
after controlling for age (in nonths), race, sex and nutritiona
covari at es.

Figures 111-3 and I11-4 illustrate the relationship of stature
(hei ght and weight) to blood |lead, after controlling for all of
t he other covari ates. The threshold regressions (using segnented
regression nodels) indicate that there is no identified threshold
for the relationship down to the | owest observed blood |lead of 4
ug/dl. The relationship is consistent through the normal range

(5-35 ug/dl).
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FIGURE 111-3 Relationship of Blood Lead Level to
Weight in Children Aged 0 to 7
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Adjusted weight and adjusted blood lead levels for children aged 7 years and
younger in Second National Health and Nutrition Examination Survey. Both weight and
blood lead level have been adjusted by regression for effects of age, race, sex, and all other
variables significant at .05 level. Each point is mean weight and mean blood lead level of
approximately 70 consecutive observations, ordered by blood lead levels. Regression line
reflects slope of coefficient obtained from multiple regression analysis of all 1,967 obser-
vations with no missing data.

Source: Schwartz et al.,

1986.
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FIGURE I11-4 Relationship of Blood Lead Level to
Height in Children Aged O to 7
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Adjusted height and adjusted blood lead levels for children aged 7 years and
younger in Second National Health and Nutrition Examination Survey. Both height and
blood lead level have been adjusted by regression for effects of age, race, sex, and all other
variables significant at .05 level. Each point is mean height and mean blood lead level of
approximately 100 consecutive observations, ordered by blood lead levels. Regression line

reflects slope of coefficient obtained from multiple regression analysis of all 2,695 obser-
vations.

Source: Schwartz et al ., 1986.
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At the average age (59 nonths), the nmean bl ood-lead |evel of
the children appears to be associated with a reduction of about
1.5 percent in the height that would be expected if their bl ood
| ead | evel was zero. The relative inpact on weight and chest

circunference is of the sanme magnitude.

111. A 4. C Summary of Stature Effects

The inverse correlation of blood |lead and growh in U S
children is often understood in the context that blood lead is a
conposite factor for genetic, ethnic, nutritional, environmental
and socio-cultural factors that are insufficiently delineated by
age, race, sex and nutrition or by famly incone, urban residence,
and all other available nutritional indices. An environnent that
favors a higher blood | ead* may supercede all of the established
predi ctors such as socioecononm c status and other denographic
characteristics.

Gowh is a conplicated phenonenon, acconpanied by an orderly
sequence of maturational changes. There are many mechani sns t hat
may account for lead s effect on physical growh and devel opnent.

Prenatal exposure has an inverse effect on gestational age, which

* Assessnents of the risk of anbient |ead exposure recognize the
triple jeopardy of the urban poor: 1) the exposure to |lead from
multiple sources is highest in low incone areas; 2) in high |ead
environnments, the anobunt ingested increases with deficiencies in
child care and household cleanliness; and 3) the intestinal
absorption of lead increases with nutritional deficits. The
interaction of socio-cultural and nutritional deprivation with
bot h environnental exposure and absorption of |ead has |ong
confounded the delineation of the threshold for behavioral and
cognitive effects of |lowlevel |ead exposure.



[11-27

in turn can adversely affect grow h. There are known negative
interactions between |ead and cal ci um nessengers, hene-dependent
enzynes, and neuroendocrine function. \Wiile the effect is clearly
plausible, little research has investigated potential nechanisns
directly. At least one very recent article (Huseman et al., 1987)
uses a rat pituitary nodel to support the biological plausibility
of a neuroendocrine effect on growth.

At 20 ug/dl, vitamin D netabolismis potentially sufficiently
di srupted to hanper the uptake and utilization of calcium and
children are one-and-a-half tinmes nore likely to exhibit abnorma
red blood cell indices than at 10 ug/dl. For this analysis, we
have assuned that children with blood lead |evels over 20 ug/dl
are at risk of suffering fromsmaller stature. To assess the
benefit of this potential rule, we used the NHANES data on the
distribution of blood |ead levels in the country to calculate the
nunber of children who woul d be brought below 20 ug/dl of bl ood
| ead at an MCL of 20 ug/l: 82, 000.

W have ascribed no nonetary value to this health effect
because it is difficult to put a nonetary value on gestational
age, fetal developnent, and children’s growh and stature. The
correlation with blood lead |level is independent of the significant
effects on growmh of sex, race, and nutritional status, as well
as all identifiable measures of socioecononmic status. As yet,
it has exhibited no threshold. Common sense, however, suggests
t he val ue woul d be hi gh.

The method used to cal cul ate the nunber of fetuses at risk
of exposure to potentially dangerous levels of lead is described

in Section C, bel ow
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1. B. Neurotoxic Effects of Lead Exposure

Lead has been known to be a neurotoxicant since the early
1800s, and neurotoxicity is anmong the nore severe consequences
of lead exposure. At very high blood-lead |evels, encephal opathy
and severe neurotoxic effects are well docunented; the neurotoxic
effects at |ower blood-lead |evels, however, are less clearly
defined. Recent research has investigated the occurrence of
overt signs and synptons of neurotoxicity and the nanifestation
of nore subtle indications of altered neurological functions in
i ndividuals who do not show obvious signs of I|ead poisoning.
This section presents new data on cognitive effects at |ow
| evel s of |ead exposure. These studies were not discussed in

The Costs and Benefits of Reducing Lead in Gasoline.

I11.B.1. Neurotoxicity at El evated Bl ood-Lead Level s

Very high blood-lead levels (i.e., above 80 ug/dl in
children) are associated with nassive neurotoxic effects that
can include severe, irreversible brain damage; ataxia (i.e., the
inability to coordinate voluntary muscul ar novenents); persistent
vom ting; |ethargy; stupor; convulsions; coma; and sonetinmes
death.  Once encephal opathy occurs, the risk of death for children
is significant (Ennis and Harrison, 1950; Agerty, 1952; Lewi s et
al ., 1955), regardless of the quality of the medical treatnent

t hey receive.
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In cases of severe or prolonged nonfatal episodes of |ead
encephal opat hy, the neurol ogi cal danmage is qualitatively
simlar to that often seen following traumatic or infectious
cerebral injury, with permanent and irreversible danmage being
nmore common in children than adults (Mellins and Jenkins, 1955;
Chi solm 1956, 1968). The nost severe effects are cortica
atrophy, hydrocephalus (an abnormal increase in cranial fluid),
convul sive seizures, and severe nental retardation. Per manent
central nervous system damage al nost always occurs in children
who survive acute |ead encephal opathy and are re-exposed to
| ead (Chisolmand Harrison, 1956). Even if their blood |ead
| evel s are kept fairly low, 25-50 percent show severe permanent
sequel ae including seizures, nervous disorders, blindness, and
hem paresis (paralysis of half of the body) (Chisolm and Barltrop
1979) .

Even children w thout obvious signs of acute |ead
encephal opat hy have exhibited persisting neurol ogi cal damage.
As early as 1943, Byers and Lord s study of 20 previously |ead-
poi soned children indicated that 19 |ater perfornmed unsatis-
factorily in school, "presumably due to sensorinotor deficits,
short attention span, and behavioral disorders". Ef fects such
as nental retardation, seizures, cerebral palsy, optic atrophy,
sensorinotor deficits, visual-perceptual problens, and behavior
di sorders have been docunented extensively in children follow ng
overt l|ead intoxication or even just known high exposures to
| ead (e.g., Chisolm and Harrison, 1956; Cohen and Ahrens, 1959;
Perlstein and Attala, 1966).
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The extent of the later manifestations seens to relate to
the severity of the earlier observed synptons. In Perlstein and
Attala, 9 percent of the children studied, none of whom appeared
to have severe synptons when diagnosed for overt |ead poisoning,
were |later observed to be mnimally nentally retarded and 37
percent showed sone |asting neurol ogi cal sequel ae.

At somewhat |ower blood-lead levels (i.e., 30-70 wug/dl),
substantial data confirm that a variety of neural dysfunctions
occur in apparently asynptomatic children. Several studies
indicate that blood lead levels of 50-70 ug/dl are associated
with 1Q decrenments of 5 points. Adverse el ectrophysiol ogical
effects, including markedly abnormal EEG patterns, slow wave
vol tages, etc., are also well docunented at Ilevels of 30-70
ug/dl and even bel ow

De la Burde and Choate (1972, 1975) showed persisting neuro-
behavioral deficits in children exposed to noderate-to-high |evels
of lead; nost of the children appear to have had blood lead Ilevels -
> 50 ug/dl. Conpared to lowlead control children -- matched for
age, sex, race, parents’ socioecononmc status, housing density,
nmother’s 1Q nunber of children in the famly below age 6, presence
of father in the hone, and nother working -- the higher |ead
children averaged about five points lower in 1Q and were seven
times nore likely to have repeated grades in school or to have
been referred to school psychologists. Moreover, followup studies
showed that these effects persisted for at |east three years.

The 5-point 1Q decrenent found in asynptomatic children with

blood lead levels > 50 ug/dl is consistent with other studies.
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These include Rutmmo (1974) and Runmo et al. (1979), which found a
16- point decrement in children > 80 ug/dl and a 5-point loss in
asynptomatic children averagi ng about 68 ug/dl, and reanalysis

by Ernhart of the data in Perino and Ernhart (1974) and Ernhart et

al. (1981), as described in the Criteria Docunent (US-EPA, 1986;

p. 12-81 to 12-85).*

Wil e chelation therapy may nitigate sone of these persisting
effects, significant permanent neurol ogical and cognitive danage
results fromvery high lead levels, with or wthout encephal opathy.
In addition, these children also appear nore likely to experience

neur ol ogi cal and behavioral inpairnents later in chil dhood.

[11.B. 2. Neurotoxicity at Lower Blood-Lead Levels

The adverse effects of |ead on neurological functioning, both
on the mcroscopic (e.g., cellular and enzymatic) |evel and the
macroscopic (e.g., learning behavior) level, are well docunented.
On the mcro-level, data from experinental aninml studies suggest
several possible nechanisns for the induction of neural effects,

i ncl udi ng: (1) increased accurmul ation of ALA in the brain as a
consequence of |ead-induced inpaired hene synthesis, (2) altered

i oni c bal ances and novenment of ions across axonal nenbranes and

at nerve termnals during the initiation or conduction of nerve

i mpul ses due to |ead-induced effects on the netabolism or synaptic
utilization of calcium and (3) |ead-induced effects on the

nmet abol i sm or synaptic utilization of various neurotransmtters.

Ernhart submitted the re-analysis, with better control for
confounding variables and with errors corrected to EPA' s
Expert Commttee on Pediatric Neurobehavioral Evaluations (1983).
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In addition, |ead-induced henme synthesis inpairnent, resulting
in reduced cytochrome C levels in brain cells during crucial devel op-
nental periods, has been clearly associated with the del ayed devel op-
nment of certain neuronal conponents and systens in the brains of
experinental animals (Holtzman and Shen Hsu, 1976). (Cytochrone C
is alink in the mtochondrial electron transport chain that pro-
duces energy, in the form of adenosine triphosphate (ATP), for the
entire cell.) Gven the high energy demands of neurons, selective
damage to the nervous system seens pl ausible.

In addition to the effects of lead on the brain and central
nervous system there is evidence that peripheral nerves are
affected as well. Silbergeld and Adler (1978) have noted | ead-

i nduced bl ockage of neurotransmtter (acetylcholine) release in
peri pheral nerves in rats, a possible result of l|ead s disruption
of the transport of calcium across cellular nenbranes. This

di sruption of cellular calciumtransport may also contribute to
the effects of |ead on peripheral nerve conduction velocity.
Landrigan et al. (1976) have noted a significant correlation

bet ween bl ood | ead and decreasi ng nerve conduction velocity in
children in a snelter community. This effect may indicate advan-
ci ng peripheral neuropathy.

Parall eling these cellular or biochemcal effects are
el ect rophysi ol ogi cal changes indicating the perturbation of peri-
pheral and central nervous system functioning observed in children
with blood lead levels of 15 ug\dl and even bel ow. These include
sl owed nerve conduction velocities (Landrigan et al., 1976),

reaction-tine and reaction-behavior deficits (Wnneke et al., 1984;
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Yul e, 1984), as well as persistent abnornal EEG patterns including
altered brain stem and auditory evoked potentials down to 15 ug/dl
(Benignus et al., 1981; OQto et al., 1981, 1982, 1984). Neuro-
| ogi cal effects of lead at such low levels are particularly
i mportant because two- and five-year followup studies (Oto et
al ., 1982, 1984) indicated sone persistent effects.

A recent article (Schwartz and Oto, 1987) has confirned
earlier findings of hearing effects related to | ow and noderate
| ead exposure. This study also found lead |evels significantly
related to major neurological mlestones in early chil dhood
devel opnment, including the age at which a child first sat up,
wal ked or spoke. No threshold was evident for either the hearing
or devel opnental effects.

Ani mal studies have also noted aberrant |earning behavior
at | ower blood-I|ead |evels. Crofton et al. (1980) found that the
devel opnment of exploratory behavior by rat pups exposed to |ead
in utero lagged behind that of control rats. Average bl ood-Iead
| evel s on the 21st postnatal day were 14.5 ug/dl* for the exposed
pups and 4.8 ug/dl* for the controls.

G oss- Sel beck and G oss-Sel beck (1981) found alterations in
t he operant behavior of adult rats after prenatal exposure to
| ead via nothers whose blood |ead |evels averaged 20.5 ug/dl.* At
the time of testing (3 to 4 nonths, postnatal), the |ead-exposed
animal s’ blood-lead |levels averaged 4.55 ug/dl* conpared to 3.68
ug/dl* in the controls. This suggests that changes in central

nervous system function may persist for nonths after the cessation

*

Blood lead levels in animals are not conparable to human bl ood-
| ead concentrations.
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of exposure to relatively | ow blood-1ead |evels. In addition,

ani mal studies show that behavior effects include both reduced
performance on conplex |earning problens and signs of hyperactivity
and excessive response to negative reinforcenent (Wnneke, 1977

and 1982a).

Finally, these effects show signs of a dose-response relation-
shi p. In children with high level |ead poisoning, neurologica
damage is indisputable and nmental retardation is a conmon outcone.
For children with sonewhat |ower blood-lead |evels, de |a Burde
and Choate (1972, 1975) found |esser but still significant cognitive
effects, including lower nmean | and reduced attention spans.
Several studies have found snmaller effects at |ower blood-Iead
| evel s. Sonme very recent studies have al so shown previously-
undetected, significant cognitive effects in poor black children
in the nornmal range of blood lead levels (from 6 ug/dl) wthout
exhibiting an evident threshold.

Wil e some of these effects have only been observed at
hi gher bl ood-lead levels, in animals, or in vitro, they show a
consi stent dose-dependent interference with normal neurol ogica
functi oni ng. Furthernore, several of these effects have been
docunented to occur at very low blood-lead levels (< 10 ug/dl)

in children, with no clear threshold yet evident.

I11.B.2.a. Cognitive Effects of Lower Blood-Lead Levels

The earliest study of cognitive effects fromrelatively |ow
| evel s of |ead exposure was done by Needl enan et al. (1979),
usi ng shed deci duous teeth from over 2,000 children to index |ead

exposure. Anmong other findings, this study showed evidence of a
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conti nuous dose-response function relating lead levels to behavior
as rated by the teacher in terns of attention disorders. The
authors al so divided the subjects into a high- and | ow | ead
group; significant effects (p < 0.05) were reported for various
I Q indices, for classroom behavior, and for several experinenta
nmeasures of perceptual-notor ability. Nuner ous papers by Needl eman
and his co-workers have provided additional analyses and follow up
studies related to the original data. These are listed in the
bi bl i ography of this docunent and are sunmarized in the Criteria
Docunent (1986; p. 12-85 ff).

There were many questions relating to the Needl eman anal ysis.
An Expert Conmittee on Pediatric Neurobehavioral Eval uations,
convened by EPA, noted sone nethodol ogi cal problens and asked for
a reanalysis and sone additional analyses (Expert Committee,
1983). Reanal yses were conducted by Needl eman (1984), Needl eman
et al. (1985) and EPA. Al of the reanalyses confirned the
publ i shed findings of significant associations between | ead
| evel s and 1 Q decrenents. After controlling for confounding
vari abl es, the Needl enan data show evidence of a 4 |Q point
decrenent associated with blood |evels of 30-50 ug/dl. This
finding is consistent with earlier studies showing |IQ decrenents
of 5 points or higher in children with blood lead levels > 50
ug/ dl discussed previously (de |a Burde and Choate, 1972 and
1975; Rummo, 1974; Rummo et al., 1979; etc.).

Since Needl eman’s original study in 1979, nany other analyses
of cognitive effects related to |ow and noderate | ead exposure have

been published. Wile sonme of these studies, like the earlier
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ones, suffer from some nethodol ogical flaws and the relatively
smal | sanple sizes in many of themmade it difficult to prove

a statistically significant effect, * the conbined wei ght of the
studies point to "various types of neural dysfunction in apparently
asynptomatic children across a broad range of blood |ead |evels”

(Criteria Docunent, 1986; p. 12-156), including small |Q decre-

nments in children with blood |ead |evels of 15-30 ug/dl.

In addition, new studies have exam ned neurotoxic effects in
younger children and infants. Section A (above) discussed results
from studies that found an inverse association between bl ood |ead
| evel s and gestational age at blood lead |evels found comonly in
t he general popul ation. Because gestational age can affect
mental devel opnent in infants, whatever nechanism |ies behind
that effect must be factored into the discussion of |ead s neuro-

| ogi cal effects.

A statistical nethod for conbining conparable studies to
overcone the problem of small sanple size is described in The
Costs and Benefits of Reducing Lead in Gasoline (EPA, 1985
p. 1V-33 ff.

For use in public policy making, rejecting the results of
studies sinply because they fail to attain significance at the
5 percent |evel may be inappropriate for two reasons. First
policy nakers need to be concerned about both type | and type
Il errors. Significance tests guard only against the first
type (falsely rejecting the null hypothesis of no effect);
they help ensure that a regulation is not inposed when there
is no adverse effect. Type Il errors (failing to reject the
nul | hypothesis when it is false) also can be costly, however,
because they can result in the underregulation of a rea
hazard. Wth small sanple sizes and subtle effects, the
probability of a type Il error can be |arge.

The second reason for caution in rejecting the results of these
studies, particularly in this case, is that while several fai
to attain statistical significance individually, they do show a
consi stent pattern: the children in the higher |ead groups
general ly have | ower nean |(Qs.
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Several studies assessed the relationship between blood | ead
levels at birth and the subsequent nental devel opnment of the
i nfants. Bellinger et al. (1984), observing 216 m ddl e- and
upper-mddl e class children aged 6 nonths to 2 years in a pros-
pective longitudinal study of early devel opnental effects of
| ead, found scores on the Bayley Mental Devel opnent |ndex (M)
inversely related to unbilical cord blood-lead |evels. The
subjects were divided into three groups with nean bl ood-I| ead
| evels of 1.8 ug/dl (the low group), 6.5 ug/dl (mdgroup), and
14.6 ug/dl (high). Gestational age and sone other variables were
identified as confounders of the association between cord bl ood
lead and the MDI;* these confounding (positive) associations
reduce the degree of association between cord blood |lead and the
M. Adjusting for confounding, and controlling for all known
rel evant factors, the difference in scores between the high and
| ow bl ood-1ead | evel groups was about 6 points on the M.
Fol l ow up studies (Bellinger et al., 1985; 1986a; 1986b) i ndicated
that the association between cord blood-lead |evel and MD score
continued for at least two years; no association was found wth
post-natal bl ood-I|ead |evel.

Vinmpani et al. (1985), in a longitudinal study of alnost 600
children at age 24 nonths, also found a statistically significant
rel ationship between blood lead levels in infants and their per-
formance on the M. Ernhart et al. (1985 and 1986) investigated

prenatal |ead exposure and post-natal neurobehavioral function,

*

That is because gestational age is also related to cord bl ood
| ead | evels.
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as well. O the 17 neurobehavioral neasures exam ned in the
Ernhart studies, three showed significant relationships to bl ood
| ead |evels.

Interimresults of a longitudinal study presented by D etrich
et al. (1986), observing inner-city children in G ncinnati, showed
evidence of an inverse relation between blood |ead |evels at
three nonths with performance on three najor nental devel opnent
i ndexes, including the M. But these interim findings showed an
association only for white infants. This and other anal yses have
al so shown indirect effects on nental devel opnent and performance
through lead’ s effect on gestational age and/or birth weight (cf.

Addendum to the Criteria Docunent, 1986; p. A-35f).

In addition, several studies show an association between

bl ood | ead |evels and ot her neurobehavioral patterns. Er nhart
(1985 and 1986) showed that prenatal |ead exposure correl ated
with certain neonatal behavior such as jitteriness and hyper-
sensitivity, as neasured on the Neurological Soft Signs scale. A
foll owup study (WIf et al., 1985) showed evidence that | owered
Bayl ey MDI scores for one year olds was a sequela of the cord
bl ood-l ead relation shown on the Neurol ogical Soft Signs scale
after birth. And Wnneke et al. (1985a) showed a significant
rel ati onship between perinatal blood-1ead |evels and one neasure
of psycho-notor ability at ages 6-7.

Finally, two new general popul ation studies (Schroeder et al.
1985; and Schroeder and Hawk, 1986) investigated |ow socio-econonic
status children with blood lead levels in line with (or just

slightly higher than) levels in the general population, controlling
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for socio-econonmc factors, age, race, etc. The first study

exam ned 104 lower SES children with blood |lead |evels ranging
from 6-59 ug/dl (mean about 30 ug/dl). This study found a signi-
ficant effect (p < 0.01) of lead upon 1Q which was sufficient to
di srupt the normal nother-child 1Q correlation. The second study,
replicating the previous study with 75 |low SES black children
showed a highly significant relationship (p < 0.0008) between |IQ
and bl ood lead levels over the Ilow to noderate range of 6-47
ug/dl. These studies suggest that |ower socio-econom c status

pl aces children at greater risk of the deleterious effects of

| ow| evel |ead exposure on cognitive ability, while confirmng
that other factors (maternal 1Q honme environnent, etc.) are also
closely related to 1 Q

Wnneke et al. (1985a and 1985b) al so exam ned the predictive
value of different markers of |ead exposure for subsequent neuro-
behavi oral devel opnent . O an original study of 383 children at
birth, 114 subjects were followed-up at ages 6-7. Mean bl ood-| ead
| evel s (maternal and infant) had been 8-9 ug/dl (range: 4-31
ug/dl). Regressi on anal yses showed that nmaternal bl ood-I|ead
| evels (related closely to unbilical cord levels) accounted for
nearly as much of the variance in neurobehavioral test scores at
age 6-7 as did contenporary blood-Iead |evels.

The conbined results of available studies of cognitive effects
at low and noderate |ead |evels present evidence of potential 1Q
decrenents and other cognitive inpacts due to |ead exposure at
bl ood lead | evels found commonly in the U S. population; i.e., at
15 ug/dl and below, and possibly as low as 6 ug/dl for sonme groups

of children.
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I11.B. 3. The Magnitude of Lead’s Inpact on |Q

The studies summari zed above indicate that anong the cognitive
effects resulting from exposure to lead is a potential |owering
of children’s I and a reduction in their ability to perform

well in school. The latest draft of the Criteria Docunent (1986)

characterizes the evidence as suggesting that, on average, bl ood
| ead levels of 50 to 70 ug/dl could correlate with average |Q
decrenents of five points, blood |lead |levels of 30 to 50 ug/dl
could be associated with a four-point decrenent in 1Q and that
| ead levels of 15 to 30 ug/dl could be related to I1Q reductions
of one-two points (p. 12-156, 12-282, and el sewhere). In Section
I11.D, we nonetize the benefits of reducing these effects using
the costs of conpensatory education and potential decreases in
future earnings resulting from decreased |Q

These levels of effects may be associated with relatively
consistent and/or relatively |ong exposure periods, possibly even
several vyears. Permanent 1Q effects may result only fromfairly
| ong periods of exposure, and a child who has a certain blood |ead
| evel for a relatively short anount of time (perhaps, a few nonths)
may not suffer the full effect. Because of this uncertainty, for
the effect upon decreased future earnings, we assunmed conservatively
that a child nust be at a certain lead level for 3-4 years before

permanent and irreversible 1Q loss results.

This is an extrenely conservative assunption. The data on
prenatal exposure (obviously limted to at nobst nine nonths) show
significant effects (both physical and neurol ogical) persisting

for two years or nore. Fetal devel opnent is arguably particularly
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vul nerabl e to disruption. Nonet hel ess, nuch data suggest that
post-natal exposure periods of a year or so produce detectable
effects. In addition, even if a l|ead-induced lag in cognitive or
physi cal devel opnent were no |onger detectable at a |ater age,
this does not necessarily nean that the earlier inpairnment was
wi t hout consequence. G ven the conplex interactions that contri-
bute to the cognitive, enotional, and social devel opnent of
children, conpensations in one area of a child s devel opnent nay
exact a cost in another area. Unfortunately, very little is
known about how to accurately measure these interdependencies.
We have chosen the conservative estimate of 3-4 years of exposure
because of unanswered questions of reversibility and pernmanence.

The approach of ascribing benefits only to those children
who are brought below a critical threshold (15 ug/dl, 30 ug/dl or
50 ug/dl) by this proposed rule suffers from several faults,
which cut in opposite directions and may offset each other.
Categori zation does not account for the fact that some children
who are prevented by the regulation from going over a given
threshold will do so by a narrow nmargin (e.g., their blood |ead
level wll be 29 ug/dl when it would have been 31 ug/dl in the
absence of the rule); such children are unlikely to receive the
full four-point gain in 1Q but they will receive nore than one
poi nt . This nmeans that the benefits of this potential rule may
be overesti mat ed.

On the other hand, categorization attributes no benefit to

children whose blood lead |evels are reduced from very high |evels,



[11-42

but not brought below a given threshold or to those whose |evels
woul d have been between two thresholds w thout the rule, but

whose | evels decrease further by the reduction in lead in drinking
water. Also, it is quite possible that children suffer |ong-

| asting, even permanent, effects wth shorter exposure periods
than the 3-4 years we assuned. These factors indicate that our

benefit estimte nay be too | ow

1. cC Fetal Effects

Lead’ s adverse effects upon human reproductive functions have
been known for over 100 years.* |In 1860, for instance, Paul

published findings (cited in the Citeria Docunent, p. 12-192)

that | ead-poi soned wonen were likely to abort or deliver stillborn
i nfants. Because | ead passes the placental barrier and fetal |ead
upt ake continues throughout devel opnent, a growi ng concern in

the public health community is that the nost sensitive popul a-
tion for |lead exposure is fetuses and newborn infants. Thi s
concern is supported by both animal and human studies.

Several categories of fetal effects were discussed previously.
Wthin Section A above, in the discussion of |ead s adverse
effect upon children’s physical growh and devel opnent we
presented data on the inverse relationships between bl ood |ead
| evel s and gestational age, birth weight and birth height.

Section B, also above, describes the neurotoxic effects of [ead,

including the inverse relationship between blood |ead |evel and

Indeed, ‘lead plasters’ were used as abortifacients at the turn
of the century.
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i nfant mental devel opnent as neasured by several different
neur ol ogi cal i ndices.

In addition, several studies have inplicated lead in conpli-
cations of pregnancy, including early and still births, and,
possi bly, |owlevel congenital anonalies. (Lead’ s adverse effects
upon reproductive function are discussed in Section IV.B. of the
next chapter.) As discussed previously, lead has a negative
effect upon gestational age. As early exanples of these findings,
Fahimet al. (1976) found that wonen who had normal full-term
pregnanci es had average blood-lead levels of 14.3 ug/dl, whereas
wonen with early nenbrane rupture had average bl ood-lead |evels
of 25.6 ug/dl, and wonmen with premature delivery had average
bl ood-1ead | evels of 29.1 ug/dl. Whbberly et al. (1977) found
that higher lead levels in placental tissues were associated with
various negative pregnancy outcones, including prematurity, birth
mal f ormati on, and neonatal death. Bryce-Smith et al. (1977)
found bone lead concentrations in still births of 0.4-24.2 parts
per mllion (ppm in the rib (average: 5.7) versus typical infant
bone lead levels of 0.2-0.6 ppm

Needl eman et al. (1984) analyzed data from over 4,000 live
births at Boston Wnen's Hospital and reported an associ ation
bet ween m nor congenital anomalies and unbilical-cord blood-I|ead
levels. There was no association between any particular nalfor-
mation and | ead, but only between all minor malformations and
lead. There also were no significant associations between |ead
and any major malformations, although given the rate of such
mal formations in the general population, a sanple this size has

little power to detect such an effect. Hol di ng ot her covari ates
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constant, the relative risk of a child denonstrating a m nor

mal formation at birth increased by 50 percent as l|lead |evels
increased fromO0.7 ug/dl to 6.3 ug\dl (the nean cord-|lead |evel).
This risk increased an additional 50 percent at 24 ug/dl.
(Urbilical-cord blood-lead | evels are generally sonewhat | ower
than, but correspond to, maternal blood-lead |levels; e.g., Lauwerys
et al., 1978.)

Two other studies (McMchael et al., 1986; Ernhart et al.,
1985 and 1986) investigated the association between pre-natal
| ead exposure and congenital norphol ogical anonmalies. They did
not find a simlar occurrence of congenital anomalies. on the
ot her hand, the Needl eman analysis relies upon a much-larger data
base than either the Ernhart or MM chael studies. Nonet hel ess,
the avail able evidence on lead’ s effect on congenital anonalies
allows no definitive conclusion about |owlevel |ead exposures
and the occurrence of congenital anonali es.

Finally, Erickson et al. (1983) found |ung- and bone-I|ead
levels in children who died from Sudden |Infant Death Syndrone
were significantly higher (p < 0.05) than in children who died
of other causes, after controlling for age. Wile this study
suggests a potential relationship between |ead exposure and
Sudden Infant Death Syndrone, this issue also remains to be nore

fully eval uated.

I11.C. 1. Assessing the Benefits of Reduced Fetal Exposure to Lead

Lead crosses the placental barrier and fetal uptake of |ead

conti nues throughout devel opnent. Fetal and new born bl ood-| ead
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levels are closely related to, though generally slightly |ower
than, maternal levels.* In addition, during physiological condi-
tions of bone dimneralization, which are known to occur during
pregnancy and l|actation, lead as well as calcium may be rel eased
fromits storage in bone. A readily nobile conpartnment of skeleta
| ead has been denonstrated in humans (Rabinowitz et al., 1977) and
in experinental studies both in vivo (Keller and Doherty, 1980a
and 1980b) and in vitro (Rosen, 1983; Pounds and Rosen, 1986).

For these reasons, to assess the benefits of EPA S proposed reduc-
tion in the MCL for lead, we are concerned with two popul ati ons:
pregnant wonen currently at risk of receiving high levels of |ead
in their drinking water and especially those wonen (aged 15-44)
who are likely to have blood lead levels that could present a

risk to the unborn child.

To determ ne what bl ood |ead |evel should be used as a cut-
off for estimating risk to the fetus from | ead exposure, two
recent policy actions related to EPA rules were considered. In
the Spring of 1985, EPA's Cean Air Science Advisory Commttee

recormended a goal of preventing children’s blood-1|ead |evels

"Exposure |evels during the course of pregnancy may not be
accurately indexed by blood lead levels at parturition.
Various studies indicate that average maternal bl ood-1ead

| evel s during pregnancy may tend to decline, increase, or
show no consi stent trend. These divergent results may sinply
reflect the likelihood that the maternal blood |ead pool is
subject to increase as bone stores of |lead are nobilized
during pregnancy and to decrease as lead is transferred to
the placenta and fetus. Apparently, then, under sone condi-
tions the fetus nmay be exposed to higher levels of |ead than
indicated by the nother’s blood |ead concentration.” (Text
guoted from The Addendum to the Criteria Docunent, 1986; p.
A-45. See references cited there.)
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from exceeding 15-20 ug/dl. This goal was supported by the
epi dem ol ogi cal and toxicological data at the tinme that showed
significant |ead-induced health effects beginning to be detec-

table in that range. More recently, the Addendumto the Criteria

Docunent (US-EPA, 1986; p. A-48) stated, “At present, :
perinatal blood lead levels at least as low as 10 to 15 ug/d
clearly warrant concern for deleterious effects on early post-
natal as well as prenatal devel opnent.”

To be conservative, we used the intersection of these two
ranges -- 15 ug/dl -- as the blood |ead |evel of concern for
fetal effects. As the sinplest relationship between maternal and
fetal blood-lead |evels, we have assuned equival ence. This
ignores sone findings that the rate of fetal absorption of |ead
may i ncrease throughout devel opnent (e.g., Barltrop, 1969;

Rabi nowitz and Needl eman, 1982; Donald et al., 1986). (See the

Criteria Docunent, Sections 10.2.4 and 12.6, for a fuller dis-

cussion of this issue.)

The Air Quality Criteria Docunent estimates that there are

approximately 54 mllion wonmen of childbearing age (i.e., between
15 and 44 years old), of whom about 7 percent are likely to be
pregnant at any given time (1986; p. 13-47); this is about the
same percentage as the annual birth rate given by the Census

Bur eau: 67.4 per 1,000 wonmen aged 15-44.* Census Bureau data

(presented in CQurrent Popul ation Reports, Series P-25, or summarized

in Table 27 in Statistical Abstracts, 1986) show that 24 percent

*

1985 Statistical Abstracts of the United States (1986),
Tabl e 82.
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of the total population is wonen aged 15-44. Assum ng that wonen
of chil dbearing age and that pregnant wonen are distributed
proportionately anong those served by community water systens and
by private or non-community water supplies, and assum ng that
these wonen are distributed proportionately between community
water systens with high and low |l ead |evels, these figures yield
the followng estimates of fetuses at risk of exposure to |ead

| evel s exceeding 20 ug/l in drinking water

24% x 42 mllion* x 67.4 per thousand = 680,000 fetuses at risk

Cal cul ating the nunber of wonen at high blood-lead |evels is
nmore difficult. Qur popul ation nodels do not yet include suffi-
cient data on all adult wonen in the United States because our
anal yses so far have focused, separately, on children and adult
nmen. However, sone data are available that enable us to nake very
crude exposure estimates for this popul ation.

The Hi spanic Health and Nutrition Exam nation Survey (called
either the Hi spanic HANES or HHANES), conducted by the Nationa
Center for Health Statistics (NCHS) between 1982 and 1984 contains
relatively recent data on blood lead levels in the U S., including
adults. These data, published and available from NCHS, indicate
that in 1988 Mexican Anmerican wonen aged 15-44 will have an
estimated nean bl ood-lead level of 7.1 ug/dl, wth a geonetric

standard deviation of 1.5; they also show that an estinated 0. 36

Estimate of people in the United States served by comunity
wat er supplies who currently receive water that exceeds 20 ug/l.
Met hodol ogy presented in Chapter I1.
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percent of those wonmen will have blood |ead |evels over 15 ug/d
in 1988.* Wiile we do not know how data on Mexican Anericans
conpare to data on white Americans, these estinates certainly
significantly underestimate the lead |evels of black Americans,
which are generally much higher than whites.** Assum ng that al
wonen in the U 'S. have blood |ead |levels and distributions conparable
to those in the H spanic HANES
219

54 mllion x 0.36% x 240 mllion = 177,000

wonen in 1988 served by community water supplies are likely

to have blood |ead levels over 15 ug/dl, of whom
177,000 x 7% = 12, 400

are likely to be pregnant in any given year. For these wonen,
any contribution of lead fromdrinking water is a potenti al
health risk to the fetus because they are already at the cut-off
poi nt recomrended by the Cean Air Science Advisory Committee,
and the fetus may take the bulk of the |ead absorbed by the
nmot her.

Determ ning what fraction, if any, of these nost-at-risk
fetuses (i.e., of nothers with blood |ead levels > 15 ug/dl and

receiving water > 20 ug/l) is included in the 680,000 at-risk

These estimates rely upon the coefficients on the distribution
of blood lead levels in the country fromthe NHANES |1 (dis-
cussed previously) and Census Bureau data on the denographics
of the population. These extrapol ations assume reduced
exposure to |ead from gasoline.

"™ For an indication of the racial differences in the distribution
of blood lead |levels, look at the data presented on Table II1l-1,
on p. I11-8 above.
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fetuses (i.e., of nothers receiving water > 20 ug/l) estimated
above is difficult. To avoid doubl e-counting we have used the
nost conservative and |east controversial assunption: that all
of the nost-at-risk fetuses are included in the 680,000 fetuses
exposed in utero to drinking water exceeding the proposed MCL.

Therefore, the proposed MCL woul d protect 680,000 fetuses in 1988.

I11.D. Moneti zed Estimates of Children’'s Health Benefits

The health benefits of reducing children’s exposure to |ead
are diverse and difficult to estimate quantitatively or to val ue
in nonetary terns. The nonetized benefits include only two
admttedly inconplete neasures: savings in expenditures for
nmedical testing and treatnment, and savings associated wth
decreased cognitive ability. These neasures of benefit exclude
many inportant factors, such as the reproductive and stature
effects discussed above. These and other limtations are discussed
in Section Ill.E, bel ow

In fact, many children with el evated bl ood-lead |evels are
nei ther detected nor treated. However, this estimation procedure
assunes that children who go undetected and untreated bear a
burden at |east as great as the cost of testing and providing
the treatment (medical or educational) of those who are detected.
So, all children with high blood-1ead |evels are assuned to incur
“costs”, whether nedical expenditure costs or personal costs in
the form of poor health, inadequate |earning, decreased future

vocati onal options, etc.



[11-50

I1'l.D.1 Reduced WMedical Costs

To estimate the benefits of reduced nedical care expenses,
we used the optimal diagnosis, treatnent, and followup protocols
recormended by Pionelli, Rosen, Chisolm and Gaef in the _Journal

of Pediatrics (1984). Pionelli et al. estimated the percentages

of children at different blood-lead |evels who would require
various types of treatnent. Figure 111-4 sunmarizes the treatnent
options that we used, based on the recommendations of Pionelli
et al.

An evaluation of typical nedical services suggests that
adm ni strative expenditures and followup tests would cost $110
(1985 dollars) for each child found to be over 25 ug/dl at screen
ing. O those children over 25 ug/dl blood |ead, based on Pionelli
et al. (1982) and Mahaffey et al. (1982), we estimated that 70
percent would be over 35 ug/dl EP. Piomelli et al. (1984)
recommend provocative ethyl enedi amne-tetraacetic acid (EDTA)
testing for such children. EDTA testing typically requires a day
in the hospital and a physician’s visit; based upon hospital cost
data, we assessed a cost of $540 per test (1985 dollars). W
al so assuned that all children receiving EDTA testing would
receive a series of followup tests and physicians’ visits,
costing an estinmated $330 (1985 dollars).

The purpose of EDTA testing is to see if children have a
dangerously high body-lead burden (a |ead excretion ratio over
0.60, per Pionelli et al.). Table 111-2 presents Pionelli et al.’s
estimtes of the percentages of children at various blood |ead

levels who wll require chelation therapy; it ranges from a
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FIGURE I11-5. Flow Diagram of Medical Protocols for Children with Bl ood
Lead Level s above 25 ug/dl
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TABLE [11-2. Percent of Children Requiring Chel ati on Therapy
Bl ood Lead Levels Per cent
25-30 ug/ dl 0*
30-39 ug/dl .
age three and over 9.6
age under three 11. 5%
40- 49 ug/ dl
age three and over 26.0
age under three 37.9
50-59 ug/ dl
age three and over 36.0
age under three 49.0
above 59 ug/dl 100.0
Sour ce: Pionelli et al., 1984

At blood |ead concentrations of 25 to 35 ug/dl, 6-7 percent of
children require chelation therapy (Pionmelli et al., 1984).
The presentation above, while consistent with the data and

ot her presentations, can easily result in an underestimtion
of risks.

In addition, given the degree of non-linearity between bl ood

|l ead | evels and chelatable lead, it is possible that sone
children between 15 and 24 ug/dl (a concentration below CDC S
definition of ‘elevated” blood |ead) nmay have positive EDTA
test results. Thus, the percentages above may represent
conservative estimates. (Based upon data and di scussions wth
Dr. John Rosen, Departnent of Pediatrics, Montefiore Mdica
Center, Albert Einstein College of Medicine; one of the authors
of the Pionelli article.)
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| ow of zero for those under 30 ug/dl to a high of 100 percent
for those over 59 ug/dl.
Based on the data fromthe NHANES I, we estinmated that,

of those children over 25 ug/dl blood |ead, about 20 percent are
between 30 and 40 ug/dl and 10 percent are over 40 ug/dl. Usi ng
those estimates and the percentages in Table I11-2, 5 percent of
the children above 25 ug/dl would require chelation therapy.
In addition, we estimated that half of those children chel ated
woul d require a second chelation due to a rebound in their blood
lead | evel, and that half of those children would require a
third chelation treatnment. Thus, a total of 0.0875 chel ations
woul d be required for every child over 25 ug/dl blood |ead at
screeni ng. To calculate the total cost per chelation, we estimated
that it would require five days in the hospital, several physicians’
visits, l|aboratory work, and a neuropsychol ogi cal eval uation
for a total cost of about $2,700 per chel ation.

Mul tiplying each of these costs by its associated probability
and then summng themyields the estimted cost per child over

25 ug/ dl

1.0($110) + 0.7($540) + 0.7($330) + 0.0875($2, 700)= $955. 25,

which we round to $950 in 1985 doll ars.

Because we have not included welfare |osses (such as work
time lost by parents), the adverse health effects of chelation
therapy itself (such as the renoval of necessary mnerals and

potential severe kidney damage), or such non-quantifiables as the
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pain fromthe treatnent, this estinmate of the benefits is conser-
vative. As nentioned previously, these nedical costs are a
nmeasure of avoi dable damage for all the increnmental cases of |ead

toxicity, whether detected or not.

I11.D. 2. Costs Associated with Cognitive Damage

The studies on the neurotoxicity of |ead show a conti nuum of
effects, in a dose-response relationship, fromlow to high |evels
of exposure. Mani festations of this neurotoxicity are varied and
include 1Q deficits and other cognitive effects, hearing decre-
ments, behavioral problens, |earning disorders, and slowed neuro-
| ogi cal devel opnent. Several of l|ead s neurotoxic effects can
conbine, and a few studies (e.g., de la Burde and Choate, 1972
1975) show poorer performance in school associated w th higher
bl ood- | ead | evel s. For instance, these studies showed that
children with higher blood-lead |evels were seven tines nore
likely than simlar children with lower lead levels to repeat a
grade, to be referred for psychol ogical counseling, or to show
other signs of significant behavioral effect. Supplenentary
educational prograns nmay conpensate for sonme of these effects,

t hough certainly not all of them

Because of the difficulties inherent in nonetizing neuro-
| ogi cal effects, we selected only one sub-category to investi-
gate further -- cognitive damage resulting from exposure to |ead.
W devel oped two nethods for calculating the benefits of reduced
cogni tive danage: conpensatory education costs (as a proxy for
t he danmage) and decreased future earnings as a function of 1Q

poi nts | ost.
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[11.D. 2. a. Conpensat ory Educati on

To estimate roughly the cost of conpensatory education for
children suffering |lowlevel cognitive damage, we used data
froma study prepared for the Departnent of Education’s Ofice of
Speci al Education Prograns. Kakal ik et al. (1981) estimated that
part-time special education for children who remained in regular
cl assroons cost $3,064 extra per child per year in 1978; adjust-
ing for changes in the GNP price deflator yields an estinmate of
$4,640 in 1985 dollars. This figure is quite close to Provenzano' s
(1980) estinmate of the special education costs for non-retarded,
| ead exposed chil dren.

In developing the algorithmfor calculating a unit cost for
conpensatory education, we nade three relatively conservative
assunpti ons. First, we assuned that no children with bl ood |ead
| evel s below 25 ug/dl would require it. This is conservative
because many studi es show detectable cognitive effects at 15 ug/dl.
Second, we assuned that only 20 percent of the children above 25
ug/dl would be severely enough affected to require and receive
sone conpensatory education. Third, based upon several follow up
studi es that showed cognitive damage persists for three years or
nore (even after blood |lead |evels have been |owered), we assuned
that each child who needed conpensatory education would require
it for three years but that the damage woul d then be conpensated
for. This is conservative for two reasons. As a neurotoxin,
| ead affects nmany capacities: hearing, notor coordination and
ot her sensory perceptions, as well as cognitive abilities. No

part-time in class special education can possibly conpensate for
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all these effects. In addition, while no studies have yet been
published on this, data from several |arge |ead poisoning preven-
tion prograns (records on about 1,600 children treated at the
Montefiore Center in New York) show that once lead toxic children
requi re conpensatory education, such educational services generally
will be required for many nore than three years. W have used

the three-year cut-off because the only published follow up

studi es show cognitive effects persisting for (at |east) that
period of time. Thus, the estinmated average annual cost per

child over 25 ug/dl is
(0.20) x (3) x (%4,640) = $2, 784,

which we round to $2,800 (1985 dollars), for conpensatory education

to address lead s cognitive danage.

I11.D.2.b. Ef fect Upon Future Earnings

Literature concerning the economc returns of schooling has
i ncluded sone investigation of the inpact of |1Q upon earnings; a
survey of this literature was prepared for EPA by ICF (ICF, 1984)
and peer reviewed by a panel of distinguished econom sts. Typi-
cally, estimates of the returns to schooling are based upon an
"earnings capacity" that consists of equations for schooling,
"ability" (usually neasured by scores on standardized 1Q tests),
and soci oeconom ¢ vari abl es. Both the main subject (economc
returns of schooling) and its off-shoot (earnings as a function
of 1Q are extrenely conplicated and controversial .

Despite the wide variety of data sets and nethodol ogi es used

to exam ne these issues, the estimates of the direct effect of
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ability on earnings appear to be fairly consistent. Wth one
exception, estimates of the direct effects of a one point change
in 1Qfall between 0.20 and 0.75 percent of future expected earn-
i ngs. There are fewer estinmates of the indirect effects of 1Q on
future earnings (which include the inpact of 1Q on the schooling
of the child, which in turn affects expected earnings) and they
range fromO0.18 to 0.56 percent per |Q point. Conbi ned, a one
| @ point change is associated with a change of 0.65 to 1.15
percent in earnings. W used the arithmetic nmean (one IQ point =
0.90 percent of earnings) to calculate the benefit of this rule.

As summari zed above (Section I111.B.), the literature indi-
cates that children with blood |ead |evels between 15 and 30 ug/dl
could suffer 1Q losses of 1-2 points (for which we used the arith-
netic mean -- 1.5 points -- as the point estimate), between 30 and
50 ug/dl children could lose 4 1Q points, and over 50 ug/dl they
could lose 5 1Q points. Because pernanent | Q danage probably
occurs after a year or nore of |ead exposure, we assunmed conserva-
tively that children would suffer these |osses after 3-4 years of
exposure at these levels.* To calculate the annual benefits of
this proposed rule, therefore, the potential effect upon future
earnings resulting from these exposure |levels was divided by 3.5
years. Multiplied together, reducing a child s blood-lead |eve
bel ow 15 ug/dl could increase expected future lifetinme earnings
by 0.4 percent

(0.9% x 1.5 IQ points =+ 3.5 years = 0.4%,

Because recent data is showing that much shorter exposure periods
produce effects that can last for at |east 2-3 years, subsequent
anal yses will have to re-examne this assunption
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reducing a child below 30 ug/dl could increase earnings by 1.0
per cent

(0.9% x 4 1Q points + 3.5 years = 1.0%,
and reducing a child below 50 ug/dl could increase earnings by

1. 3 percent

(0.9% x 5 1Q points =+ 3.5 years = 1.3%.

The present value of expected lifetine earnings is $687, 150; *
deferred for 20 years at 5 percent real discount rate** reduces it
to $258,950 (1985 dollars). The effect of the cognitive damage
woul d decrease expected future earnings by $1,040 (1985 dollars)
for a child brought below 15 ug/dl; $2,600 (1985 dollars) for
a child brought below 30 ug/dl; and $3,350 (1985 dollars) for a
child brought bel ow 50 ug/dl

To calculate the annual benefits in this category, the
nunber of children who woul d be brought bel ow each of these
points (15, 30 and 50 ug/dl) was multiplied by the change in
expected future lifetime earnings. Table [I1-3 presents those
benefit cal culations for the proposed MCL reduction to 20 uEarnings

for sanple year 1988.

Cal cul ated from Bureau of the Census data: Lifetinme Earnings
Estimates for Men and Wnen in The United States: 1979 (1983)
--p.3 -- and 1985 Statistical Abstracts of the United States
(1986) -- Table 216. Converted to 1985 dollars.

** These costs are deferred because those suffering the effects are

children and will not enter the work force for up to 20 years.
Qoviously, using the largest deferral period (20 years) reduces
the value of the benefit and reduces the benefit estinate,
whereas 8- or 10-year-old children may begin working within 8
years and so woul d have a nmuch shorter deferral period. This
bi ases the estimates downward slightly.
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TABLE 111-3.

Esti mat ed Annual

Benefits of Reduced | Q Danage

by Using Changes in Expected Future Lifetine

Earni ngs, For Sanpl e Year

1988

Bl ood Lead Level

15 ug/dl 30 ug/ dl

Nunber of children 230, 000 11, 000

I Q points 1-2 4
potentially | ost per child per child
Present val ue of $1, 040 $2, 600
decreased earnings per child per child
(1985 dol |l ars)

TOTAL $239. 2 $28.6
(1985 dol lars) mllion mllion

50 ug/dl TOTAL
100 241, 100
5 NA

per child

$3, 350

per child NA

$ 0.3 $268.

mllion mllion
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[11.D. 3. Sumary of Mbnetized Benefits

Table 111-4 summarizes the estimates of the nonetized annual
children’s health benefits of the potential rule for one sanple
year: 1988. Adding the estimates of conpensatory education
($2,800) and nedical costs ($950) yields a conbined annual benefit
estimate of $3,750 per case avoided of a child s blood-1ead |evel
exceeding 25 ug/dl. This is Method 1 in Table I11-4. Met hod 2
is medical expenses plus decreased future earnings as a consequence
of lead s adverse effect upon 1Q The benefits of avoided cogni -
tive damage calculated as a function of 1Q@s relationship to
expected future earnings are not linear, however; they are a step
function.* Therefore, average costs per child were not cal cul ated.
I nstead, we cal culated the annualized benefit from avoided IQ
| osses of reducing 230,000 children below 15 ug/dl; 11,000 children
bel ow 30 ug/dl; and 100 bel ow 50 ug/dl, and conbined that wth
the total nmedical expenses avoided for bringing 29,000 children
bel ow 25 ug/dl . Note that the difference between Method 1 and
Method 2 is that they include alternative nmethods for val uing
aspects of the cognitive damage resulting from exposure to |ead.**

The benefits for Method 1 (nedical costs plus conpensatory
education) are not absolutely conparable to those from Method 2,
for three reasons. First, Method 1 -- based upon per child

estimates -- is strictly a function of the nunber of children

Measurenents were taken for the step function at 15 ug/dl,
30 ug/dl, and 50 ug/dl.

This biases the results downward because there is a strong
rational e for considering these effects as additive. Com
pensatory education is unlikely to fully conpensate for the
neur ol ogi cal danage caused by exposure to |ead and so, effects
upon future ability and performance could still result in
decreased ear ni ngs.
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TABLE I11-4. Monetized Annual Benefits of Reducing Children’s Exposure to
Lead Using Alternative Mthods, for Sanple Year 1988
(1985 dollars)

VETHOD 1 VETHOD 2

Medi cal Conpensat ory Tot al Medi cal Ear ni ngs Tot al

Expenses Educati on Costs Method 1 Expenses Lost Met hod 2
Nunber of
children 29,000 29, 000 29, 000 29, 000 241,100 241,100
Costing $950 $2, 800 $3, 750 $950 $268. 1 NA
uni t per child per child per child per child mllion

t ot al

Tot al $27.6 $81.2 $108. 8 $27.6 $268. 1 $259.7
benefits mllion mllion mllion mllion mllion mllion
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passing one critical point: 25 ug/dl. Met hod 2, on the other
hand, depends upon the distribution of children by blood |ead

| evel s, and how the distribution changes* as a result of EPA s
proposed regul atory action. Second, Method 1 ascribes no benefit
to any health effects below 25 ug/dl, while Method 2 includes
neurotoxi c effects between 15 and 25 ug/dl. Finally, Method 2
measures effects to a child over a working life for each year of
exposure, while Method 1 includes only costs incurred for those
children who receive conpensatory education for the duration of
that benefit.

In addition, while they are discussed qualitatively, no
nonetary value is assigned to the fetal effects, the increased
risk of anema, netabolic changes or the negative inpact upon
stature. So the nonetized benefit estinmates omt nany i nportant
categories, and thus are likely to be significant underestinmates
of the total benefits of reducing lead in drinking water. The

next section contains a discussion of sone of these factors.

I11.E Val uing Health Effects: Caveats and Limtations

To begin valuing the health effects that would be avoi ded as
a result of the new MCL for lead in drinking water, we estimated

1) nedical treatnent and nonitoring costs for those children whose

bl ood | ead | evels reach or exceed the criteria recomended by

the Centers for Disease Control as determning lead toxicity

*

That is, how many children pass each of several critical points,
dependi ng upon the category: 15 ug/dl, 25 ug/dl, 30 ug/dl or
50 ug/dl
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(25 ug/dl of blood | ead when conbined with erythrocyte proto-

porphyrin levels of 35 ug/dl), and 2) two alternative ways of

valuing the cognitive damage resulting from | ead exposure:

the cost of part-time in-class conpensatory instruction as a
proxy for the cognitive danage that |ead causes and decreased
expected future earnings as a function of 1Q | oss.

The cost-of-illness estinmates thenselves are low, primarily
because, to reduce potential controversy, the calculations rely
upon many conservative assunptions. For instance, the nonetization
of conpensatory education costs is based upon |ikely practice and
not preferred treatment. Although children suffering cognitive
damage from | ead exposure should receive nore intensive and
ext ensi ve educational resources, the Departnent of Education
estimated that they would probably receive only part-tinme in-
cl ass renedi al / conpensatory hel p. In addition, the estimte that
only 20 percent of children over 25 ug/dl would receive any extra
help is conservative. The real (social) cost of the illness does
not decrease if not all victins receive the treatnment they need;
assumng the treatnents are efficacious, children who are left
with dimnished cognitive abilities incur a cost at |east equa
to the cost of the treatnment they should have (but did not)
receive. The health benefit estimtes, therefore, should be
understood as very |low | ower-bounds for these categories of
effects.

W have al so not conducted cost-of-illness calculations for

nost of the adverse health effects associated with hunman exposure
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to lead. Among the nany effects not valued nonetarily in the

heal t h

benefits anal ysis are:

ki dney effects, detectable in children at about 10 ug/dl;
hemat opoi eti ¢ damage, detectable in children at bel ow

10 ug/dl

neurol ogi cal effects in children below the |evel of |ead
toxicity, with central nervous system effects detectable
at below 10 ug/dl and no perceived threshold,

met abol i ¢ changes, detectable in children at about 12 ug/dl
enzymatic inhibition, with no threshold indicated in
children, even below 10 ug/dl

all effects on fetuses in vitro, although |ead crosses the
pl acental barrier and maternal blood-lead |evels correlate
wi th adverse pregnancy outcones, including decreased
gestational age, slowed nental and physical devel opnent

in neonates, potential |owlevel congenital anomalies

and ot her adverse outcones, including fetotoxicity at high
| evel s

stature effects on children, which are dose-dependent wth
no threshold evident; and

effects upon other organ systens, for instance, inmune

and gastrointestinal.

Finally, three serious phenonena of |ead s adverse effect

upon human health are not included. First, henatopoietic, neta-

bolic,

body,

and enzymati c damages have cascading effects throughout the

whi ch are not adequately addressed. Second, nmany of the

specific effects have long-lasting sequelae that are not included.
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And last, there is a significantly greater chance of serious
effects later in life, including renal failure and neurol ogical

di sorders, even in individuals whose highest detected bl ood-I|ead
| evel was bel ow that associated with the nost severe effects and
who did not at the tine show evidence of lead toxicity; this risk
is not included in the analysis.

In addition to the categories of adverse health effects
for which we have not yet been able to quantify benefits at all
the costs of the illnesses that are calculated greatly underesti-
mate the real (social) benefits of preventing those effects, even
for the health categories evaluated. The underestimates occur
because of the exclusion of sone categories of direct costs
associated with those effects and the total exclusion of all
indirect but related costs (e.g., work tinme |lost by the parents
of | ead-poi soned children).

In general, society’s willingness-to-pay to avoid a given
adverse effect is many tines greater than the cost of the illness
itself, so cost-of-illness analyses inherently underestimte the
benefits of avoiding the adverse effect.* WIIingness-to-pay
studies indicate that society is usually willing to pay two to
ten times the cost of nedical treatnent, and that in specific
circunstances society is willing to pay a hundred or a thousand
times the cost of the illness itself in order to prevent its

occurrence.

For instance, in general people would be willing to pay nore
than the price of two aspirins to avoid having a headache.
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More specifically, in the cost-of-illness analyses included
in this report, only the expenses that are directly related to an
individual’s nmedical treatnment for the specific synptom being
evaluated at the tine the synptom occurs were included. So, for
i nstance, no costs are ascribed for the possibility of adverse
effects from the nedical treatnent or hospitalization itself,
or for the possibility that the specific effect of |ead may
precipitate or aggravate other health effects (e.g., children
with anenmia are nore susceptible to many infections). Related
expenses, such as the travel costs to obtain nedical services
or the costs of making the hone environnents of children suffering
fromlead toxicity safe for them (i.e., altering their diet to
conpensate for their propensity to anema, renoving all |ead-I|aden
dust, etc.) were al so excl uded. Finally, no value was ascribed
to the pain and suffering of those affected; this is an especially
significant om ssion because, as exanples, chelation therapy is
extrenely painful and having a child with | ead poisoning or who
is hospitalized can totally disrupt famly life.

W have also omtted all the indirect but related costs of
| ead’ s adverse effect upon human health. These include work tinme
lost by friends and relatives of the victins (including the
parents of | ead-poisoned children); nedical research related to
the prevention, detection, or treatnment of the effects of expo-
sure to |ead; the devel opnent of new procedures to correct the
damage resulting from | ead exposure; decreased future earnings

for those suffering cognitive damage (other than very young
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children) or physical incapacitation (including behavioral dis-
orders ) fromlead s adverse effects upon virtually every human

system and the I|ike.

I11.F Sunmary of Annual Moneti zed and Non-npbneti zed
Children’s Health Benefits

This chapter presents evidence of a variety of physiologica
effects associated with exposure to lead, ranging fromrelatively
subt| e biochem cal changes to severe damage and even death at
very high levels. O these, only two categories of effects are
nonetized: costs of nedical treatnent for children with el evated
bl ood-lead levels and costs associated with the cognitive damage
resulting fromlead s neurotoxicity. For the latter category,
two alternative nonetization techni ques were presented: conpensa-
tory education as a proxy neasure and decreased future earnings
as as function of 1Q points |ost. In addition, the nunbers of
children at risk of several other pathophysiol ogical and neurotoxic
damage each year, including those at risk of stature decrenents,
at increased risk of anema, total nunber of children at risk of
| @ point-loss, and fetuses exposed to potentially dangerous |ead
levels, were estimated. Table I11-5 sunmarizes both the nonetized
and non-nonetized benefits of reducing exposure to lead in drinking

water for one sanple year, 1988.
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TABLE I'11-5.  Sunmary of Annual Monetized and Non-rmonetized Children’s
Health Benefits of Reducing Lead in Drinking Water for
Sanmpl e Year 1988

Annual Monetized Benefits (1985 dollars)

° Medical costs $27.6 mllion

° Cognitive damage costs:

conmpensatory education (Mthod 1) $81.2 nillion

decreased future earnings (Mthod 2) $268.1 mllion

TOTAL Method 1 $108.8 nillion
Met hod 2 $295.7 mllion

Annual Non-nonetized Benefits (children at

risk of:)
° Requiring nedical treatment 29, 000
° Loss of 1-2 1Q points 230, 000
4 1Qpints 11, 000
51Q points 100
° Requiring conpensatory education 29, 000
° Stature decrenent 82, 000
° Fetuses at risk 680, 000

o

Increased risk of hematol ogical effects 82,000



CHAPTER 1V
HEALTH BENEFI TS OF REDUCI NG LEAD:  ADULT | LLNESSES

Concerns about the health effects of anbient exposure to
lead traditionally have focused on children. Although |ead has a
variety of adverse effects on the health of adults, nost of these
effects were believed to be a risk only at high blood-Iead |evels.
Recently, many analyses -- still the subject of sone controversy
-- have shown a robust, continuous relationship between bl ood
| ead levels and blood pressure in nen, confirmng a relationship
bet ween | ead exposure and bl ood pressure that has been di scussed
in the experinmental toxicology (aninmal experinents) literature.
That finding has inportant inplications for the benefits of
reducing lead in drinking water because high blood pressure, in
turn, is linked to a variety of cardiovascul ar di seases.

O her recent human studi es show del eterious effects of |ead
exposure upon fetal and post-natal growh and devel opnent, both
nmental and physical, that can be correlated with exposure to |ead
in utero. These studies are discussed in the previous chapter on
children’s health effects. In this chapter, studies of reproduc-
tive effects on both men and wonen are summarized briefly, although
no attenpt is made to value these effects nonetarily.

This chapter contains four sections. Section A discusses the
rel ati onship between body | ead |levels and bl ood pressure in adult
mal es, and includes studies of heart disease as related to water
har dness. Section B discusses sone reproductive effects of |ead
exposur e. O her health effects of |ead, such as kidney function

i mmune system function, and hematol ogi cal effects, are not discussed
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in this document. The nonetized and non-nonetized benefits are
summarized in Section C and some caveats and limtations of this
analysis are found in Section D

A nore conplete discussion of the relationship between |ead

and bl ood pressure is included in the Addendumto the Air Quality

Criteria Docunent for Lead (U.S. EPA, 1986; appended to Volune 1).

The methods for valuing nmonetarily the cardi ovascul ar effects
were devel oped in support of EPA s nobst recent rule reducing the
amount of lead permitted in | eaded gasoline. These methods are

presented nore fully in The Costs and Benefits of Reducing Lead

in Gasoline (U S. EPA, 1985b).

IV.A.  The Relationship between Blood Lead Levels
and Bl ood Pressure

This section analyzes the statistical relationship between
bl ood | ead and bl ood pressure. The first part provides a brief
overview of human studies relating blood lead |evels to blood
pressure and from there |inks those changes to cardiovascul ar
di sease rates. The second part of this section discusses potenti al
nmechani sns and aninmal data related to |ead’ s effect upon bl ood

pressure. The Addendum to the Criteria Docunent for Lead (U. S

EPA, 1986; p.A-1 to A-31) contains a mnuch fuller analysis of this

i ssue and serves as the basis for the summary contained here; it
also includes a full bibliography. The third part of this section
descri bes studies that have investigated the potential relation-
ship between cardi ovascul ar di sease rates and water hardness, and
the possible role of lead in contributing to cardiovascul ar di sease

when present in water of different hardness.
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While extrenely inportant, these findings are still the
subj ect of some controversy. In addition, these results are
[imted in several ways. Al of the nonetized benefits are
restricted to nmales aged 40 to 59, because lead is statistically
correlated with blood pressure only in men, not wonen,* and
because better data are available for that age range. I n addi -
tion, nost of these estinmates cover only white nales, because the
exi sting studies have had insufficiently |large sanples of non-
whi t es. For these reasons, the cardiovascular health benefit
estimates contained in this section are likely to understate
significantly the adult health benefits of reducing lead in
drinking water. The nost inportant om ssions are ol der nales and

bl ack mal es of all ages.

V. A 1 Epi dem ol ogi cal Studies of Blood Lead Levels
and Hypertension

Lead has |ong been associated with effects on bl ood pressure
and the cardiovascular system including a paper in the British

Medi cal Journal by Loriner in 1886 that found that higher bl ood-

| ead | evel s increased the risk of hypertension. Until recently,
nost of the studies focused only on hypertension and relatively
hi gh | ead-exposure levels, and did not |ook for a continuous

effect of lead on blood pressure. Qhers failed to find effects

of lead on hypertension that were significant at the 95 percent

Many fewer studies have investigated the relationship between
exposure to |ead and bl ood pressure in wonen. However, in the
| arge-scal e general population studies, while blood | ead was
positively correlated with bl ood pressure in wonen, it was not
statistically significant (at the 90 percent confidence |evel).
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confidence |evel, although nost of themdid find a positive
associ ati on. A stronger and

“more consistent pattern of results has begun to

emerge from recent investigations of the relation-

ship between | ead exposures and increases in blood
pressure or hypertension”

(Addendum to the Criteria Docunent, p. A-2)

t hroughout the range of neasured bl ood-lead |levels in various

clinically-defined, occupationally-exposed, or general population

groups.

IV.A 1. a. QCccupati onal St udi es

Kirkby and Gyntel berg (1985) evaluated the coronary risk
profiles of 96 heavily-exposed |ead snelter workers with those of
non- occupational ly exposed workers, matched for age, sex, height,
wei ght, soci oeconom ¢ status, and al cohol and tobacco consunption.
There were no significant differences in life style habits, as
far as could be determ ned. Di astolic blood pressure was signifi-
cantly el evated anong the | ead workers, as was the percentage of
| ead workers with ischem c el ectrocardiographic (ECG changes and
sone other factors. On the other hand, systolic blood pressure
and sone other cardiovascular risk factors, e.g., angina pectoris,
were not significantly different. Overall, the authors concluded
that long-term | ead workers have higher coronary risk profiles
than a conparable referent group and that these findings may
indicate a greater risk for major cardiovascul ar di seases, such

as nyocardial infarctions or strokes.
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Anot her study of about 50 occupationally-exposed workers
(de Kort et al., 1986) also showed bl ood pressure levels to be
positively correlated with blood lead |evels at near or bel ow 60-

70 ug/dl, after controlling for confounding variabl es.

IV.A 1.b. Observati onal Studies

Moreau et al. (1982) found a significant relationship
(p < 0.001) between blood lead |levels and a continuous measure of
bl ood pressure in 431 French male civil servants after controlling
for age, body nmass index, snoking, and drinking. In this study,
the correlation was highest in young subjects, and decreased with
age. The effect was stronger for systolic pressure than for
diastolic pressure in both the de Kort and Mreau studies. The
effect was statistically significant in the range of 12-30 ug/dl
in the Mreau paper, although the effect was not |arge at that
| evel .

A nore recent longitudinal study by Wiss et al. (1986)
exam ned the bl ood-I|ead/ bl ood-pressure relationship in 89 Boston
pol i cenmen. This study also found a stronger correlation with
systolic than diastolic blood pressure. Wiss high-lead group
had bl ood | ead |evels > 30 ug/dl.

There are several recent general popul ation studies, as
wel | . Kromhout and Coul and (1984) and Kronhout et al. (1985)
studi ed 152 nen, aged 57-67, drawn from the general popul ation.
They found a significant relationship between blood | ead and bl ood
pressure. However, the statistical significance of the findings
decreased or disappeared after elimnating the highest blood-I|ead

subject and after nultiple regression anal yses were conducted
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that included other determ nants of blood pressure, such as age
and body mass. The authors concluded that blood lead is probably
a less inportant determ nant of blood pressure than age or body
mass.

“The above recent studies provide generally consis-
tent evidence of increased bl ood pressure being associ at -
ed with elevated | ead body burdens in adults, especially
as indexed by blood lead |evels in various cohorts of
wor ki ng nen. None of the individual studies provide
definitive evidence establishing causal relationships
bet ween | ead exposure and increased bl ood pressure.
Nevert hel ess, they collectively provide considerable
gualitative evidence indicative of significant associa-
tions between blood | ead and bl ood pressure |evels.
Particularly striking are the distinct dose-response
rel ati onship seen for systolic pressure (correcting
for age, body nass, etc.) by Mreau et al. and the
findings of significant associations between bl ood
| ead and systolic pressure after extensive and conserva-
tive statistical analyses by Wiss et al. However
estimates of quantitative relationships between bl ood
| ead levels and bl ood pressure increases derived from
such study results are subject to much uncertainty, given
the relatively snmall sanple sizes and |imted popul ation
groups studied. Two larger-scale recent studies of genera
popul ati on groups, reviewed next, provide better bases
for estimation of quantitative bl ood-|ead bl ood-pressure

relationships.” (Addendum p. A-10)
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[V.A.1.c. Popul ation Studies

Pocock et al. (1984) evaluated the relationships between
bl ood lead | evel, hypertension and renal function in a clinical
study of 7,735 mddle-aged (aged 40-49) British nen. (This study,
conducted by the British government is also called the British
Regi onal Heart Study.) In that article, the authors interpreted
their findings as being suggestive of increased hypertension at
el evated bl ood-lead levels (> 37 ug/dl), but not at the |ower
| evel s found typically in British nen. However, nore recent
mul tiple regression anal yses, adjusted for variation due to site,
reported in Pocock et al. (1985) for the sane data indicate
highly statistically significant associations between both systolic
(p = 0.003) and diastolic (p < 0.001) blood pressure and bl ood
| ead |evels. Noting the small nagnitude of the observed association
and the difficulty in adjusting for all potentially relevant
confounders, Pocock et al. (1985) cautioned against prematurely
concluding that there is a causal relationship between body |ead
burden and bl ood pressure.

Several other studies of this relationship, discussed bel ow,
have been published using data fromthe Second National Health
Assessnment and Nutritional Evaluation Survey (NHANES I1),* which

provi de careful blood |ead and bl ood pressure neasurenments on a

The NHANES Il was a 10,000 person representative sanple of the
U.S. non-institutionalized popul ation, aged 6 nonths to 74

years. The survey was conducted by the (U S.) National Center
for Health Statistics (NCHS) over a four-year period (1976-1980).
The data base is available from NCHS and anal yses of the |ead-
related data fromit have been published before (e.g., Annest

et al., 1982 and 1983; Mhaffey et al., 1982a and 1982b; Pirkle
and Annest, 1984).
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| arge-scal e sanple representative of the U S. popul ation and
considerable information on a wide variety of potentially confound-
ing variables, as well. The studies using the NHANES || data

avoi ded the problens of selection bias, healthy worker effect,

work place exposures to other toxic agents, and appropriate choice
of controls, that had conplicated or confounded nany of the other

studies (cf, Addendumto the Criteria Docunent, 1986; p. A-12ff).

Sinple correlation anal yses reported by Harlan et al. (1985)
denonstrated statistically significant |inear associations
(p < 0.001) between blood |ead concentrations and bl ood pressure
(both diastolic and systolic) anmong nmal es and fenal es, aged 12-74
years. Controlling for many potentially confounding factors,
mul ti ple regression anal yses showed the bl ood-I|ead/ bl ood-pressure
rel ationships remained significant for males but not for fenales.

Pirkle et al. (1985) conducted additional analyses on the
NHANES Il data. That study focused on white males, aged 40-59,
to avoid the effects of collinearity with age, and because of |ess
extensive NHANES || data being avail able for non-whites. In the
subgroup studied, Pirkle et al. found significant associations
bet ween bl ood | ead | evels and bl ood pressure both in basic nodels
and after including all the known factors previously established
as being correlated with blood pressure. The relationship also
held, with little change in the coefficient, when tested agai nst
every dietary and serol ogical variable neasured in the NHANES I

“No evident threshold was found bel ow which bl ood
lead |l evel was not significantly related to bl ood pres-

sure across a range of 7 to 34 ug/dl. The dose-response
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rel ati onshi ps characterized by Pirkle indicate that

large initial increnents in blood pressure occur at
relatively |l ow blood-lead levels, followed by a |leveling
of f of blood pressure increments at higher blood-I|ead

| evel s. Pirkle et al. also found lead to be a signifi-
cant predictor of diastolic blood pressure greater than
or equal to 90 mllinmeters of nercury (mm Hg),* the
criterion blood pressure |evel now commonly enployed in
the United States to define hypertension. Additiona

anal yses were perforned by Pirkle et al. to estimate the
likely public health inplications of the Pirkle findings
concerni ng the blood-I|ead/bl ood-pressure rel ationship.
Changes in blood pressure that mght result from a speci-
fied change in blood |ead |evels were first estimated.
Then coefficients from the Pooling Project and Fram ngham
studi es (Pooling Project Research G oup, 1978, and MGCee
and Cordon, 1976, respectively)** of cardiovascular disease
were used as bases: (1) to estimate the risk for incidence
of serious cardiovascular events (nyocardial infarction,
stroke, or death) as a consequence of |ead-induced bl ood
pressure increases and (2) to predict the change in the
nunber of serious outcones as the result of a 37 percent
decrease in blood lead levels for adult white males (aged
40-59 years) observed during the course of the NHANES |

survey (1976-1980).”" (Addendum p. A-13).

*

MIlinmeters of nercury is the standard neasure of bl ood
pressure.

* %

These are discussed nore fully in Section IV.A 4., bel ow
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Schwartz (1985) expanded the Pirkle et al. analysis to include
all nmen over 20, and examned the 20-44 and 45-74 age groups
separately. In all three groups, lead was significant both in
basic mpbdels and when tested against the nmnuch-larger variable
list. Schwartz also showed that lead was significant even wth
the inclusion of a linear tine-trend term
“Questions have been raised by Gartside (1985) and

Du Pont (1986) regarding the robustness of the findings

derived from the analyses of the NHANES Il data as to

whether certain tinme trends in the NHANES |l data set

may have contributed to (or account for) the reported

bl ood- | ead/ bl ood- pressure rel ationships.

However, neither the Gartside nor the Du Pont analyses

adjusted for all of the variables that were selected

for stepwise inclusion in the Harlan et al. (1985) and

Pirkle et al. (1985) published studies.” (Addendum p. A-14)
Reanal yses of the NHANES Il data by Schwartz (1986) showed that
lead remmined a significant factor even if a linear tinme trend
was included in the regression and also remmined significant in
regressions that adjusted for all of the sites visited in NHANES

Il, which controls for both tine (the sites were visited sequenti-

ally) and geographical variation. Schwartz also showed that the
relationship held in all adult nmen, in nen under 45, and in nen
over 45, as well as in the age group of Pirkle et al. These

reanal yses were reviewed and accepted by EPA's external Science

Advi sory Board.
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“In order to nore definitively assess the robust-
ness of the Harlan et al. (1985) findings and, also,
to evaluate possible tine-trend effects confounded by
variations in sanpling sites, Landis and Fl egal (1986)
carried out further analyses for NHANES Il nales, aged
12-74, using a random zation nodel -based approach to
test the statistical significance of the partial cor-
rel ati on between bl ood |ead and diastolic blood pres-
sure, adjusting for age, body nmass index, and the 64
NHANES |11 sanmpling sites. The resulting anal yses con-
firmthat the significant association between blood |ead
and bl ood pressure cannot be dism ssed as spurious due
to concurrent secular trends in the two variabl es over
t he NHANES study period.” (Addendum p. A-14)

In addition, EPA has conducted a series of additional reanaly-
ses of the NHANES Il data to address the issue of “site” nore
definitively.

“These unpublished anal yses* confirm that the regres-
sion coefficients remain significant for both systolic
and diastolic blood pressure when site is included as a
variable in nmultiple regression analyses.” (Addendum

p. A-15)

Available in the Central Docket Section of EPA. Docket nunber
ECAO- CD- 81-2; docunments nunbered I1A F.60, IIA C5, Il.A C9,
and Il A C 11.
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“Overall, the analyses of data fromthe two |arge-
scal e general population studies (British Regional Heart
Study and U S. NHANES Il study), conducted both in this
country and in Geat Britain, collectively provide
hi ghly convincing evidence denonstrating small but
statistically significant associations between bl ood
| ead | evels and increased blood pressure in adult nen.
The strongest associations appear to exist for nmales
aged 40-59 and for systolic pressure sonewhat nore than
for diastolic. Virtually all of the analyses reveal ed
positive associations for the 40-59 age group, which
remain or becone significant (at p < 0.05) when adjust-
ments are nade for geographic site. Furt hernore, the
results of these large-scale studies are consistent with
simlar findings of statistically significant associations
bet ween bl ood |lead |evels and bl ood pressure increases
as derived from other recent smaller-scale studies dis-
cussed earlier, which also mainly found stronger associ a-
tions for systolic pressure than for diastolic. None of
t he observational studies in and of thenselves can be
stated as definitively establishing causal [|inkages
bet ween | ead exposure and increased bl ood pressure or
hypertensi on. However, the plausibility of the observed
associ ations reflecting causal relationships between
| ead exposure and bl ood pressure increases is supported
by: (1) the consistency of the significant associ a-

tions that have now been found by nunerous independent



[ V-13

investigators for a variety of study popul ations; and

(2) by extensive toxicological data (see bel ow) which

clearly denonstrate increases in blood pressure for

ani mal nodel s under well-controlled experinmental con-

ditions. The precise nechanisns underlying the relation-

shi ps between | ead exposure and increased bl ood pressure,

however, appear to be conplex, and nathematical nodels

describing the relationships still remain to be nore

definitively characterized. At present, |og blood-I|ead/

bl ood- pressure (1l og PbB-BP) nodels appear to fit best

the available data, but linear relationships between

bl ood | ead and bl ood pressure cannot be ruled out at

this time. The nost appropriate coefficients charac-

terizing blood-I|ead/ bl ood-pressure relationships also

remain to be nore precisely determ ned, although those

reported by Landis and Flegal (1986) and those obtai ned

by anal yses adjusting for site appear to be the currently

best avail able and nost reasonable estimtes of the

likely strength of the association (i.e., generally in

the range of 2.0-5.0 for |log PbB versus systolic and 1.4

to 2.7 for log PbB versus diastolic blood pressure).”
“Blood | ead levels that may be associated with

i ncreased- blood pressure also renmain to be nore clearly

defi ned. However, the collective evidence fromthe

above studies points toward noderately el evated bl ood-

lead levels (> 30 ug/dl) as being associated nost clearly

with blood pressure increases, but certain evidence
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(e.g., the NHANES Il data anal yses and the Mreau

et al. study results) also indicates significant (and
apparently stronger) relationships between blood pressure
el evations and still lower blood |ead |evels that ranger
possibly, to as low as 7 ug/dl. This may be supported

by several aninmal studies, discussed below, that also
find hypertension nost consistently related to relatively
| ow exposure levels but over relatively |ong exposure
peri ods.”

“The quantification of |ikely consequent risks for
serious cardi ovascul ar outcomes, as attenpted by Pirkle
et al. (1985), also remains to be nore precisely charac-
terized. The specific nagnitudes of risk obtained for
serious cardi ovascul ar outcones in relation to |ead
exposure, estimated on the basis of |ead-induced bl ood
pressure increases, depend crucially upon: the form of
the underlying relationship and size of the coefficients
estimated for bl ood-Iead/bl ood-pressure associations;
| ead exposure levels at which significant elevations in
bl ood pressure occur; and coefficients estimating rel a-
ti onshi ps between bl ood pressure increases and specific,
nor e-serious cardiovascul ar outcomes. As noted above,
uncertainty still exists regarding the nost appropriate
nodel and bl ood-| ead/ bl ood- pressure coefficients, which
makes it difficult to resolve which specific coefficients
should be used in attenpting to project nore serious

cardi ovascul ar outcones. Simlarly, it is difficult to
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determ ne appropriate blood-lead |evels at which any

sel ected coefficients mght be appropriately applied in

nodel s predicting nore serious cardi ovascul ar out cones.

Lastly, the selection of appropriate nodels and coeffi -

cients relating blood pressure increases to nore serious

outcones is also fraught with uncertainty..

Furt her analyses of additional |arge-scale epidemologic

data sets may be necessary in order to determne nore

precisely quantitative relationships between blood |ead

| evel s and bl ood pressure, and nore serious cardi ovascu-

[ ar outcomes as well.”

“The findings discussed here, while pointing toward

a likely causal effect of lead in contributing to increased

bl ood pressure, need to be placed in broader perspective

inrelation to other factors involved in the etiology of

hypertension. The underlying causes of increased bl ood

pressure or “hypertension” (diastolic blood pressure

above 90 mm Hg), which occurs in as many as 25 percent

of Americans, are not yet fully delineated. However

it is very clear that nmany factors contribute to devel op-

ment of this disease, including hereditary traits,

nutritional factors and environnental agents.” (Addendum

p. A-15 to A 18)

The contribution of |ead, conpared to many other factors
such as age, body nmass, and snoking, appears to be relatively
smal |, but the findings have stayed robust in the face of repeated

reanal yses and specifications of the nodels.
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V. A 2. Mechani sns Potentially Underlying Lead-I|nduced
Hypertension Effects

“This section [briefly summarizes] plausible bio-
chemi cal - physi ol ogi cal nechani sns by which | ead poten-
tially influences the cardiovascul ar system to induce
i ncreased bl ood pressure, followed by [a short discussion]
of experinmental evidence concerning the contribution of
| ead exposure to the devel opment of hypertension.

“Blood pressure is determned by the interaction
of two factors: cardi ac output and total peripheral
resi st ance. An elevation of either or both results in
an increase in blood pressure. A subsequent defect in a
critical regulatory function (e.g., renal excretory
function) may influence central nervous system regul ation
of blood pressure, leading to a pernmanent alteration in
vascul ar snooth muscle tone which sustains bl ood pressure
el evati on. The primary defect in the pathophysiol ogy of
hypertension is thought to be due to alteration in cal-
cium binding to plasna nenbranes of cells; this change
in calciumhandling may in turn be dependent upon an
alteration in sodium perneability of the menbrane (e.g.,
Hilton, 1986). This change affects several pathways
capabl e of elevating pressure: one is a direct altera-
tion of the sensitivity of vascular smooth nuscle to
vasoactive stimuli; another is indirect, via alteration
of neuroendocrine input to vascular snmooth rnuscle (includ-

ing changes in renin secretion rate).” (Addendum p. A-18)
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IV.A 2. a. Rol e of Disturbances in lon Transport
by Pl asma Menbr anes

“Many stimuli activate target cells in the mammalian
body via changes in ion perneabilities of the plasm
menbrane, primarily for sodium potassium and cal cium
ions; the change in calciumion concentration is the
primary intracellular signal controlling nuscle contrac-
tions, hornone secretion, and other diverse activities..
For calcium there is a nenbrane potential -dependent
sodi um cal ci um exchange punp which extrudes one cal cium
ion in exchange for three sodiumions. In addition,
there are cal cium ATPase punps |ocated at cell nenbranes
and at intracellular nmenbrane storage sites (endoplasmc
reticulum and mtochondria)... The ion interacts with
several calciumbinding proteins which, in turn, activate
cell contractile or secretory processes.

“I't has been postulated that sodi um punp inhibition
by some endogenous factor (thought to be a hornone)
would be ultimately causatory for devel opnent of both
essential and vol une-expanded hypertension by affecting
vascul ar tone or resistance.

“I'f | ead exposure could be shown to affect sodium
transport (which, then, indirectly alters vascul ar
resistance”) or to directly affect vascul ar resistance
(by changing calciumion perneability or transport), it

could contribute to the devel opnent of hypertension...
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Abundant experinmental evidence... indicates that

lead affects both; that is, lead inhibits cell nenbrane-
bound sodi um pot assi um ATPase as well as interferes wth
normal processes of calcium transport across mnenbranes
of various tissue types... Lead acts to alter sodium
bal ance and cal ciumactivated cell activities of
vascul ar smooth nuscle. Changes in either or both of

t hese could be expected to produce changes in bl ood

pressure regulation.” (Addendum p. A-18 to A-19)

IV.A 2. b. Role of Renin-Angiotensin in Control of Blood Pressure

and Fluid Bal ance

One maj or endogenous factor regulating total periphera
resi stance of the vascular snmooth nmuscle is angiotensin Il (All),
a small peptide generated in plasma via the action of a renal
hor none, renin.

“The renin-angiotensin system has a najor influence
on regulation of blood pressure, [both directly and
indirectly. It directly affects vascul ar snooth mnuscl es
to increase vasoconstriction and it indirectly increases
total peripheral resistance by affecting the discharge
rate of synpathetic neurons.] For this reason, investi-
gators interested in hypertension have studied the
systemin detail. Because renal disease may be an
important initiating event in subsequent devel opnent of
hypertensi on and because lead is an inportant renal
toxicant, some investigative reports of patients with

| ead intoxication have eval uated bl ood pressure changes
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and changes in the renin-angiotensin system” (Addendum

p. A-20 to A-21)

However, the results of these studies have been contradictory.
The few human studi es have shown depressed, increased and unaltered
renin activity in lead intoxicated nmen. The studies nmay not be
conpar abl e because sone used nen with chronic sub-clinical |ead
exposure as conpared to chronic heavy |ead exposure, and sone
subj ects had exposure which would be considered “normal ”.

In addition, there have been animal and experinental studies,
i nvestigating the cardiovascul ar effects of both acute and chronic
exposure to | ead.

“Lead injected intravenously in dogs and rats, at

doses as low as 0.1 ng/kg (whole blood lead < 5 ug/d

and renal lead of 1.2 ug/g) produced over the next

several hours significant increases in plasma renin

activity (PRA) and in excretion of sodium other cations,

and water (Mouw et al., 1978)... The increased sodium

excretion could be attributed to decreased sodi um reabsor p-

tion. The mechanism of |ead s action on tubular reabsorp-

tion was not determined,... nor was the nechani sm by which

| ead increased renin secretion.

“I'n a subsequent study, Goldman et al. (1981) found

that the rise in PRA after acute lead injection was not due

to increased renin secretion in six of nine dogs; rather

there was elimnation of hepatic renin clearance, wthout

evidence for other interference in liver function. In

the remaining three dogs, renin secretion increased; this

was thought to be due to lead activation of normal mechani sns
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for renin secretion, although none of the classic
pat hways for influencing renin secretion were altered.
The authors postulated that |ead m ght produce altera-
tions in cytosolic calcium concentration in renin-
secreting cells... The authors al so postul ate that
there may be nultiple actions of |ead on the renin-angio-
tensin system which may hel p explain confusion about the
ability of lead to cause hypertension. At certain
exposure conditions, there could be elevated PRA w thout
si mul taneous inhibition of angiotensin-converting enzyne,
thereby contributing to hypertension, while higher doses
or |onger exposure mght inhibit the converting enzyne
and thereby cause |oss of hypertension...
“The literature of experinental findings of |ead-
i nduced changes in the renin-angiotensin system and
bl ood pressure in animals is conplicated by apparently
i nconsi stent results when conparing one study to another.
Al studies report changes in the renin-angiotensin
system yet sone studies fail to find an effect on bl ood
pressure and others do report hypertension. Doses and
exposure periods enployed vary wdely, but in general,
hypertension is observed nost consistently with relative-
Iy low doses over relatively |ong exposure periods..
“Perry and Erlanger (1978) found that chronically
feeding rats either cadmum or |ead at doses of 0.1,
1.0, or 5.0 parts per mllion (ppm produces statistically

significant increases in systolic blood pressure..
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The inplications for human popul ati ons exposed to very

| ow doses of these netals were pointed out. Victery et
al . (1982a) reinvestigated the question, using |ead
doses of 100 and 500 ppm adm nistered in the drinking
water to rats beginning while the animals were i_n_utero
and continuing through six nonths of age. At 3-1/2
nonths of age, the male rats drinking 100 ppm of |ead
first denonstrated a statistically significant increase
in systolic blood pressure; this difference persisted
for the remainder of the experinment. Aninmals drinking
500 ppm had | ower pressures, which were not significantly
different fromcontrols. Fermal e rats drinking 100 ppm
did not denonstrate pressure changes. At termnation of
the experinent PRA was significantly decreased by 100
ppm | ead exposure, but not 500 ppm.. There was a
dose-dependent decrease in the ratio of [angiotensin |1
to plasma renin activity] for |ead-exposed rats. Renal
renin was depressed in | ead-exposed ani nal s. The hyper -
tensi on observed in these aninmals was not secondary to
overt renal disease (as opposed to an effect on renal
cell metabolism, as evidenced by a lack of changes in
renal histology and plasma creatinine.

“Victery et al. (1983) exam ned changes in the renin-
angi otensin system of rats exposed to |ead doses of 5,
25, 100, or 500 ppm during gestation until one nonth of
age. Al had elevated plasma renin activity, while

those at 100 and 500 ppm al so had increased renal renin
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concentration. Lead- exposed aninmals... secreted
| ess renin than control aninals. It appears that |ead
has two chronic effects on renin secretion, one inhibi-
tory and one stinulator; the nagnitude of effect on PRA
reflects the dose and timng of the |ead exposure as
wel | as the physiological state of the aninmal.

“I'n another study, Victery at al. (1982b) reported
that rats fed 5 or 25 ppmlead for five nonths (bl ood
| ead of 5.6 and 18.2 ug/dl, respectively) did not devel op
hypertension but at 25 ppm had significantly decreased
PRA. Both groups of aninmals had a decrease in the All
to PRA ratio. Thus, |ead exposure at l|levels generally
present in the human popul ati on caused observable effects

in renin synthesis.” (Addendum p. A-23 to A-25)

I V. A 2. c. Effects of Lead on Vascular Reactivity

“Piccinini et al. (1977) and Favalli et al. (1977)
studied the effects of |ead on cal cium exchanges in the
isolated rat tail artery; lead in concentrations of up
to 15 unol in vitro produced contractions which required
the presence of calciumin the perfusion solution.
Therefore, calciuminflux was not affected by |ead..

Ti ssue cal cium content was increased...

“Tail arteries obtained fromthe hypertensive rats

in the study perfornmed by Victery et al. showed an

increased maxi mal contractile force when tested in vitro

with the al pha-adrenergi c agents norepi nephrine and
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met hoxam ne (Webb et al., 1981). This finding is apparently
related to an increase in the intracellular pool of activator
calciumin the snmooth nuscle cells in the artery. This
change may al so be responsible for decreased rel axation
of the nuscle after induced contractions.

“In vivo tests of cardiovascular reactivity in rats

exposed to 50 ppmlead (blood lead 38.4 + ug/dl) for 160

days were performed by lannaccone et al. (1981). [ This

study showed] significant increases in systolic and diastolic
pressure [related to | ead exposure, as well as significant
increases in the blood pressure response to noradrenalin].
The data suggest that the |lead-related increase in arterial
pressure is due at least in part to greater synpathetic

tone, with the netal affecting neural control of bl ood

pressure.” (Addendum p. A-26 to A-27)

V. A 2.d. Ef fects of Lead on Cardi ac Muscl e

Lead has been hypothesized to contribute to cardi onyopat hy
and to have cardi otoxic properties.

“Kopp et al. (1978) developed an in vitro system for
nmonitoring the cardiac electrical conduction system
(el ectrocardi ogram or ECG and systolic tension, and
denmonstrated that in vitro lead (3 x 10-2 mV or cadm um
(3 x 10-2 mMV) depressed systolic tension and prol onged the
P-R interval of the ECG .. [In a later study,] hearts
obtained fromrats exposed to |low | evels of cadm um and/ or
lead (5 ppm) for 20 nonths were found to have... changes
in the heart’s electrical conduction system (Kopp et al.,

1980) with significant prolongation of the P-R interval
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“Wllianms et al. (1983) suggested that much of the
negative effect of lead on cardiac tissue and ECG abnor -
malities can be related to lead’s interference with
calciumion availability and/or nenbrane translocation
In addition, even those |ead exposure-related effects
t hat appear to occur through autonom c nerves nay be
understood in terns of effects on calciumion, which is
required for neurotransmtter release...

“Prentice and Kopp (1985) exam ned functional and
net abol i ¢ responses of the perfused rat heart produced
by lead with varying cal cium concentrations in the per-
fusate. Lead altered the spontaneous contractile
activity, spontaneous electrical properties and netabo-
lismof the heart tissue. The exact nechani snms were not
conpletely resolved but did involve disturbances in cellu-
| ar cal cium nmetabolism although not by any single
mechani stic nodel ..

“I'n addition, hearts perfused with 30 uM | ead had
reduced coronary blood flow, presumably by |ead acting
to directly constrict the vascular snooth nuscle or by
interference with the local netabolic stimuli for vaso-
di |l atation. Increases in perfusate cal cium concentration
partially reversed this effect, although at the highest
calcium levels (5.0 m\) coronary blood flow was again
reduced. These authors concluded that their present

findings were consistent with those of others which
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showed increased vascular reactivity and that the
chronic | ead exposure-related changes in bl ood pressure
may be related to localized actions of |ead on vascul ar
beds and arterial snooth nuscle.” (Addendum p. A-27 to
A- 29)

IV.A 2. e. Summary of Lead-Related Effects
on the Cardiovascul ar System

“Bl ood pressure is regulated and affected by nmany
interactive forces and control systens; sone of these
have been shown to be affected by | ead exposure. Under -
standing of the effects of |ead on each systemis stil
prelimnary, but sufficient evidence indicates that
changes which occur in the presence of |ead can pronote
t he devel opnent of hypertension... Al though the
exact mechanisns involved in |ead-induced changes in
renin secretion rate have not been examined, it is
likely that |lead could be affecting the cystosolic free
calciumion of [sone] cells... After lead enters
[these] cells, lead could enhance or block cal cium exit
vi a sodi uni cal ci um exchange punps, or increase or
decrease the intracellular sequestration of calciumin
storage conpartnents..

“The changes in vascular reactivity which have been
reported in animals chronically exposed to |ead are
probably the key finding which can |lead to an under-

standing of how | ead can contribute to the devel opnent
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of hypertension. The vascul ar snooth nuscl e changes
are necessary and sufficient in thenselves to account
for the increase in blood pressure and the fact that

t hese changes are observed in aninmals exposed to rel a-
tively low lead levels nakes it increasingly inportant
to evaluate these findings in additional experinental
studies. There may be additional changes in the entire
synpat hetic neural control of vascular tone which acts
to anplify the contractile response to any endogenous

vasoconstrictor substance.” (Addendum p. A-29 to A 30)

V. A 3. Cardi ovascul ar D sease Rates and Water Hardness

Si nce Kobayashi’s study (1957) was highlighted by Schroeder
(1958), studies in several countries have evaluated the relation-
ship between drinking water characteristics and death from
hypertensive, ischemc or arteriosclerotic heart diseases,
and in particular the relationship between cardiovascul ar disease
(CVD) rates and water hardness.* Cenerally, the studies covering
| arge geographic regions have shown a significant inverse rel a-
tionship between the hardness of |ocal drinking water and |oca
CVD rates. However, not all the studies, nost comonly not the
studi es involving snaller geographic regions, evidence the sane

consi stency of effect.

Water hardness is determned by the relative anmount of dissolved
solids, primarily cal cium and magnesium in it. It is expressed
as the equival ent anmount of calcium carbonate (CaCO3) that could
be formed from the cal cium and magnesi um in sol ution. For a

fuller discussion of this issue, see Chapters Il and V of this
docunent. Generally, water < 60 ng/l as CaCO3 is considered
‘soft’. Most studies investigating CVD and water hardness have
focused upon systenms with very soft water, i.e., < 40 ng/l as
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The U.S. National Research Council, of the National Acadeny
of Sciences, convened a panel of experts in the late 1970s to
review this issue. The panel concluded that the findings were
“strikingly” equivocal and called for additional research (Angino,
1979). Since then, many additional reviews have attenpted to
resolve the inconsistencies in the data; none has succeeded. Two
noteworthy reviews (Constock, 1979; Constock, 1985) apply rigorous
statistical and epidemologic tests to the literature on the
rel ationship between water hardness and CVD. This section contains
a very brief survey of the nature of these studies, plus a suggest-

ed explanation for the inconsistent findings.

V. A 3.a. Studi es of Cardi ovascul ar D sease and Water Hardness

The | argest category of studies is the intra-national studies,
where various population units within several different countries
were exam ned. Cenerally, these studies have found a statistically

significant inverse relationship between CVD and water hardness,

and account for the phrase: ‘soft water, hard arteries’.
A second category of studies -- geographic units conprising
states or provinces -- in general show a simlar but weaker

negative association between CVD nortality and water hardness.
Studi es of selected communities that are not in the sanme

geographic unit and that have different water hardnesses have

been least likely to show consistent findings |inking CVD and

wat er paraneters; the inconsistencies of findings have included

associ ations wth water hardness that were in opposite directions

for the two sexes or for different categories of cardiovascul ar

illnesses, as well as statistically insignificant associations.



| V-28

Fewer of the studies conducted in the past decade have found
the significant negative associations that were found in sonme of the
earlier papers.

Interest in identifying a ‘water factor’ that influences heart
di sease has continued because CVD rates vary significantly by
geographic regions (Sauer, 1980). Witer paraneters also tend to
portray regional patterns and, therefore, could offer a tenable
expl anation for the geographic variation in nortality. Furt her,
water treatment costs are lower than nedical treatnent costs.* At
the water system | evel, reducing the presence of a harnful sub-
stance or correcting the deficiency of a protective one is both
relatively easily done and effective in reaching |arge nunbers of
peopl e.

There are many plausi bl e mechanisns for recognizing an effect
fromthe constituents and paraneters of water upon heart disease.
The presence or selective absence of trace elenents are the nbst
likely sources of an effect on health related to corrosive water.
O soft water may initiate heart disease, or soft water paraneters
added onto other factors that predispose a person to heart disease
may be sufficient to push himher over the threshold to synptomatic
illness, or it may exacerbate a pre-existing condition, either
recogni zabl e or asynptomati c. Soft water may contain harnfu
contam nants or hard water may contain protective elenents |acking
in soft water. Mst probably, sone conbination of these scenarios

accounts for the associ ation.

For instance, treatnent to increase water hardness costs
$1-2 per person per year as opposed to one heart attack,
whi ch costs $65, 000 per case.
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Cenerally, there are three broad classes of nechanisns by

which water can be postulated to affect CVD in either a causative

or

1)

detri nmental manner.

Soft water is deficient in sonme nmjor cations that are protec-

tive to the cardi ovascul ar system and that are abundant in

hard water. The nost likely of these are cal cium and nmagne-
sium which are the major conponents of hardness in water.
Some epi dem ol ogi cal studies (e.g., Abu-Zeid, 1979; though
not all, e.g., Mller et al., 1985) have shown nagnesium to

be a strong factor in cardiovascul ar heal th.

2) Protection of the cardiovascular system by specific mnor

cations or trace netals that are nore abundant in hard water

than soft water. O these, lithium chrom um nanganese,

sel enium vanadium and strontium are possible contributors.
All, with the possible exception of vanadium are essentia
mcronutrients and could have plausible involvenment with CVvD

rat es.

3) Soft water leaches toxic netals fromthe distribution system

Studies relating water hardness to CVD have consi dered
especially three potential toxins: cadm um copper, and
lead. Copper is perceived as the least likely of the three,
and strong evidence exists linking both |ead and cadmumto
hypert ensi on. Al three netals are corrosion by-products.
(It is interesting, in this light, to note that water is a
nore significant source of lead in Britain than the U S. and

t he hard-water/CVvD associ ati on appears nore robust there.)
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Overall, the two constituents nost seriously considered in
current analyses are the protective role of magnesium (I ess
common in soft water than in hard water) and a detrinental effect
from increased sodium (which is often added in water softening

units).*

IV. A 3.b. Lead, Soft Water and Cardi ovascul ar D sease

Whil e the geographic variation in CVD probably relates to
several factors and the interrelationships between them the new
studies relating blood lead levels to blood pressure could help
resol ve sone of the inconsistent correlations between cardi ovascul ar
di sease and soft drinking water. Lead occurs in drinking water
as a corrosion by-product, that is, as a result of the action of
corrosive water upon the materials (pipes and particularly sol der)
of the distribution and residential plunbing systens.** Hardness/
softness of water is one neasure of a water’s potential corrosivity,
but because water chem stry is very conplicated, no single neasure
is an adequate predictor of a specific water’s actual corrosivity
or of the presence of corrosion by-products, including |lead (cf,
for instance, Patterson, 1981).

Rel atively few of the studies investigating the relationship

bet ween water hardness and CVD rates have considered the presence

It has been suggested that the relatively recent increase in
sodium intake in populations in hard water areas may be negating
t he advantages once associated with those hard water areas

(Comst ock, 1985).

For a fuller discussion of these studies, see Section IIl.A.,
above, or Section V.A , below
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of trace netals at all (e.g., Sharrett et al., 1984) or the water
sanpl i ng procedures have not addressed the occurrence phenonena
of corrosion by-products.* Oten, the water data represent |ead
levels in the distribution system (e.g., Shaper et al., 1980; or
Craun and McCabe, 1975, which uses data fromthe 1969 Comunity
System Survey, presented in MCabe et al., 1970); or tap water
typical of the distribution system (i.e., fully flushed); or tap
wat er averaged with distribution system water (e.g., G eathouse
and Craun, 1978; or G eathouse and Gsborne, 1980; which use data
fromthe First National Health and Nutrition Augnentation Survey,
i n which one random daytine tap sanple was averaged with 12
nonthly sanples from the water supply).

In the few studies that did consider exposure to corrosion
by- products, other problens have arisen. In Cal abrese and Tuthill
(1978), for instance, the lead levels in the two conmunities
studied were not statistically significantly different. O her
studi es have not withstood rigorous statistical testing (e.g.,
Hewi tt and Neri, 1980).

Considering the data |inking blood pressure (and CVD) to
exposure to lead, the studies correlating CVD with water hardness
may be inperfectly nmeasuring the relationship between soft drinking
wat er and the presence of |ead (and/or cadm unj. In other words,
the studies that have found a relationship between soft water and

heart disease may actually have evaluated systens wi th higher-than-

That is, contam nation of drinking water that occurs due to
the corrosive action of the water upon the materials of the
pl unbi ng systens. Several of the trace constituents of concern,

i ncluding |ead, copper and cadm um are corrosion by-products.
This issue is discussed in Chapter Il of this docunent.
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average lead levels, resulting from softer water |eaching nore |ead
from the plunbing. However, while softer water is nore likely

to contain higher lead (or cadmunm Ilevels, the factors related

to |l ead contam nation are very conpli cated. Soft water alone is
not predictor of lead levels, and therefore, not all systenms wth
soft water have higher netals. This may account for sone of

t he inconsistent findings.

Anot her factor is that the major elenents of hard water are
magnesi um and cal ci um which can be easily absorbed in the snal
intestine and therefore may conpete with lead for sonme conmon
transport system or netabolic interactions, as explained by
Conrad and Barton (1978) and Mahaffey and Rader (1980). The
rel ati onship between cal cium intake and | ead absorption is not
yet clear. Sone early studies (e.g., Aub, 1935) indicated that
i ncreased cal cium intake could reduce blood |ead |evels; other
studi es have shown nore conplicated rel ationshi ps between cal ci um
intake and | ead absorption and retention, including |ead s effect
upon cal ci um netabolism (Six and Goyer, 1970 and 1972; Quarternman
et al., 1978; also cf the discussions on |lead and calciumin both

the Criteria Docunent, 1986, p. 10-44 to 10-48, and its Addendum

p. A-18ff).

IV.A 4 Benefits of Reduced Cardi ovascul ar D sease: Reducti ons
In Hypertension and Related Mrbidity and Mrtality

On the basis of the data discussed above on the association
bet ween | ead body burden and increased blood pressure in adult
mal es, this analysis assunes that reducing lead in drinking water

could reduce blood lead levels, which in turn could reduce bl ood
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pressure and the nunber of individuals with hypertension. A
reduction in hypertension would have direct benefits from reduced
medi cal treatnent expenditures. More inportant, however, are
the related benefits in the form of reduced cardi ovascul ar di sease
associated with elevated bl ood pressure. This section describes
the nethods used to estimate the benefits associated with |owering
bl ood pressure, including estimating the reductions in norbidity
and nortality.

Estimating the reduction in hypertension and cardi ovascul ar
di sease requires several steps. The first is to estimate the
i npact of the reduction of lead levels in drinking water on
|l evels of lead in adults’ bl ood. For that, the occurrence data

and water-lead to bl ood-1ead equations described in Chapter 11

were conbined with the regression analyses of the NHANES Il data
di scussed previously. In each case, the blood lead levels in the
NHANES Il data were first adjusted to reflect reductions in

environnmental |ead contam nation that have occurred since the
time of the survey.

To calculate the cardiovascul ar benefits, logistic regression
equations were used to predict how reducing exposure to lead in
drinking water could affect the nunber of hypertensives in the U S.
popul ati on. These estimates cover only males aged 40 to 59,
because the effect of |lead on blood pressure appears to be stronger
for men and because the correl ati on between bl ood pressure and
age is much smaller in this age range, reducing the potenti al
for confounding due to the correl ati on between bl ood | ead and

age. The estimates of reduced cases of cardiovascul ar and
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cerebrovascul ar disease rely upon (1) site-adjusted coefficients
from anal yses of the NHANES |l data relating blood lead levels to
increases in blood pressure* and (2) coefficients relating blood
pressure increases to nore serious cardiovascul ar di sease outcones,
based on data from the Fram ngham Study and Pooling Project (1976),
di scussed bel ow.

The estimates of myocardial infarctions, strokes and deaths
are further restricted to white nen, aged 40-59, because the
NHANES data contain insufficient observations on non-whites to
evaluate the form of the relationship anong non-whites. This
severely limts this analysis because both bl ood pressure and
bl ood | ead | evels are higher anmong non-whites than whites. **

The fact that other sources of |ead, especially gasoline,
woul d slowly decline even wi thout new EPA drinking water standards
created a slight conplication. Because gasoline |ead |evels
fall over time as unleaded gasoline replaces |eaded, the difference
in blood lead levels resulting fromthis rule will change over

time. The estimates in this report account for both the reduction

The specific coefficients and the basis for their derivation
are described in the Addendumto the Criteria Docunent, 1986,
which is included in Volune 1 of that publication. The issue

of site adjustnment is summarized briefly on p. IV-10ff of this
docunent .

* %

In other EPA analyses, e.g., Methodology for Valuing Health
Ri sks of Ambient Lead Exposure USiERA 1986a), |ess conserva-

tive assunptions have been nade -- i.e., assumng that the sane
cardi ovascul ar risks apply to black nen as to white nmen of the
sane age (cf., pages 5-5 ff). Extending this current analysis

to black nmen, even using the sane coefficients and assunptions
as for white nmen, would raise the estimted benefits.
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in blood pressure over the past decade and reductions in sone

ot her sources of | ead. This nodel served EPA also in its analy-
tical efforts supporting the nost recent phasedown in the anount
of lead permtted in |eaded gasoline; it is discussed nore fully

in The Costs and Benefits of Reducing Lead in Gasoline (US-EPA,

1985b) . The coefficients were adjusted for site-variation as

di scussed in the Addendumto the Criteria Docunent (US-EPA, 1986;

p. A 13ff).

V. A 4. a. Hypert ensi on

Based upon the studies relating |ead exposure to bl ood
pressure, discussed above, estimating the change in the nunber of
cases of hypertension was straightforward: the logistic regres-
sion coefficients fromPirkle et al. (1985) adjusted for site were
applied to the NHANES Il data to predict the changes in the nunbers
hypertensives as a result of reducing the Maxi mum Cont am nant
Level (ML) for lead in drinking water. In this analysis, EPA
estimates that there would be 130,000 fewer cases of hypertension
anong mal es aged 40-59 in sanple year 1988 as a result of this
rule. The change due to this proposed regul ation was cal cul at ed
by subtracting the nunber at the new lead |evel from the nunber
at the original |ead |evel. This estimate covers only mal es aged

40 to 59, but includes non-whites as well as whites.

IV.A 4.Db. Myocardi al Infarctions, Strokes, and Deaths

Estimating the inpact of reduced blood pressure on norbidity

and nortality required several additional steps. Usi ng t he NHANES
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Il data and the site-adjusted regression coefficients described
earlier, we simulated the changes in individual blood-pressure

| evel s due to reductions in lead fromdrinking water. Coefficients
fromtwo |arge studies of cardiovascul ar disease were then used to
estimate changes in the nunbers of first-tinme nyocardial infarc-
tions, first-tinme strokes, and deaths from all causes.

The relationshi ps between blood pressure and cardi ovascul ar
di seases have been established by several |arge, |ong-term epidem o-
| ogi cal studies. The classic study, which was inportant in
establ i shing cholesterol as a major factor in the risk of heart
di sease, was the Fram ngham study (MCee et al., 1976). Ext ensi ve
anal yses of these data have yielded estinmates of cardiovascul ar
ri sks associated with several variables, including blood pressure.
Figure V-1 shows the age-adjusted rates of death and heart attacks
as functions of blood pressure from that study.

In the 1970s, the National Institutes of Health funded the
Pooling Project (The Pooling Project Research Goup, 1978), which
conbi ned the Fram ngham data with data from five other |ong-term
studies to inprove the accuracy of the risk coefficients for heart
attacks. The Pooling Project tested the Fram ngham coefficients
against the other study results and found that their predictive
power was good. It then analyzed the first occurrence of nyocar-
dial infarctions in white nmen who entered the studies at ages 40
to 59 and who were followed for at |east 10 years. The estinmates
of the nunbers of first-tinme nyocardial infarctions in this study

enpl oy the Pooling Project’s coefficients.



